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Titre : Le rôle de la signalisation calcique dans le Syndrome de l'X Fragile Resumé : Le syndrome de l'X fragile (FXS) est la forme héréditaire la plus commune de retard mental (RM) et la première cause de troubles du spectre de l'autisme (TSA). Il est causé par la perte d'expression du gène FMR1 qui code la protéine Fragile X Mental Retardation Protein (FMRP). FMRP est une protéine capable de se lier aux ARNs, et elle est impliquée dans différentes étapes du métabolisme de l'ARN allant du transport des ARNs au contrôle de la traduction des ARNm au niveau du soma et des synapses. Pour identifier les différents ARNm ciblés par FMRP, nous avons séquencé à haut-débit les ARNs isolés par « crosslinking » immunoprécipitation (HITS-CLIP ou CLIP-seq). Cette technique nous a permis d'identifier 1065 ARNm liés par FMRP avec une forte affinité. Un nombre remarquable de ces ARNm code des régulateurs de l'homéostasie ionique, et plus particulièrement l'homéostasie calcique.

A partir de ces données, j'ai développé le premier axe de ma thèse, ciblé sur la compréhension de l'homéostasie du Ca 2+ dans le FXS. Je me suis plus particulièrement focalisée sur l'une des cibles principales de FMRP, appelée Cacna1a. Ce gène code la sous-unité formant le pore du canal calcique voltage-dépendant de type P/Q (VGCC) Cav2.1, qui est localisé dans les neurones au niveau du compartiment somatodendritique et de l'axone. Le canal Cav2.1 laisse entrer le calcium dans le cytosol des neurones lors de la dépolarisation de la membrane, et de nombreux changements intracellulaires découlent de cet influx de calcium, en particulier la libération de neurotransmetteurs et la transcription calcium-dépendante. Mon but était d'analyser la corrélation entre l'absence de FMRP et l'expression de Cacna1a dans des cultures primaires de neurones afin de déterminer le rôle de ce gène et de cette protéine dans la physiopathologie du FXS. Pour cela, j'ai réalisé une analyse fonctionnelle de la régulation calcique en utilisant une méthode d'imagerie calcique sur des neurones en culture Fmr1-Knock-Out (KO) corticaux et hippocampaux. J'ai ainsi pu observer que ces neurones ont un influx de calcium plus faible et plus lent que les neurones sauvages (WT) en réponse à une dépolarisation KCl-dépendante. De plus, j'ai également montré que la protéine codée par Cacna1a a une activité et une synthèse réduite à la membrane plasmique des souris Fmr1-KO par rapport aux wild-type (WT). Mes résultats mettent donc en évidence un nouveau phénotype pour les neurones Fmr1-KO en culture et montrent que le défaut d'homéostasie calcique est un nouveau biomarqueur de ce modèle cellulaire.

Dans le second axe de mon travail, j'ai étudié le rôle de l'homéostasie calcique dans les différentes populations cellulaires qui composent le cerveau en présence et en absence de FMRP. Pour mieux décrire la diversité des différents types cellulaires observés en imagerie calcique et définir quelles caractéristiques moléculaires appartiennent à chaque sous-groupe neuronal, j'ai développé un nouvel outil d'analyse appelé aiFACS pour «agonist-induced Functional Analysis and Cell Sorting». Cette technique permet de stimuler individuellement les neurones et d'analyser leur réponse à un agoniste pharmacologique et de les trier simultanément. Différentes analyses «-omics» permettent ensuite de définir l'identité des différentes cellules et les éléments moléculaires qui caractérisent la réponse des neurones WT par rapport aux Fmr1-KO. Grâce à cette méthode, j'ai mis en évidence une dérégulation de l'excitabilité des interneurones, ce qui permet de mieux caractériser le schéma chimique du cerveau de ces souris.

Introduction CHAPTER 1 -INTELLECTUAL DISABILITY 1. The definition of intellectual disability

"Intellectual Disability is a disability characterized by significant limitations in both intellectual functioning and in adaptive behavior, which covers many everyday social and practical skills. This disability originates before the age of 18." Definition given by the American Association on Intellectual and Developmental Disabilities (AAIDD).

It is common between individuals to make comparisons based on each other's abilities and the observation can take into account several attributes, one of them being the faculty of accomplishing tasks based on intellectual and adaptive functioning, what is called Intellectual Ability (IA). The intellect is indeed defined as the capacity of reasoning and understanding objectively, and more in general to take in, compare and recall data. When an individual lacks this ability we talk about Intellectual Disability (ID) or, as was preferred in the past, Mental Retardation (MR).

ID/MR is a cluster of developmental syndromes and disorders characterized by significant impairment of cognitive functions and associated limitations in several areas or domains of function, such as cognitive, language, motor and auditory skills, moral judgment, psychosocial and adaptive behavior [START_REF] Pratt | Intellectual disability (mental retardation) in children and adolescents[END_REF]. The most recent definition that takes in consideration the wide spectrum of disorders covered by populations and later became Hitler's rationale for the extermination of countless "incurables and mental defectives" in Germany.

The early 1900's, in spite of the terrible misconceptions and mistreatments reserved to the intellectually disabled that took place, were the years of some important scientific advances in the field. 1910 was indeed the year in which a new system to measure individual intelligence was invented and introduced in medicine, thanks to the work of the Association of Medical Officers of American Institutions for Idiotic and Feeble-Minded Persons. People that today are known as intellectually disabled were divided in three classifications, posing the bases for what today we call Intelligence Quotient (IQ) test. This tool allowed to somehow create a link between retardation and intelligence abilities, encouraging to view intellectual disability as a heterogeneous condition. Figure 1 reports a chart adapted from a 1913 New York Times article regarding the classification of 1000 children in New York City schools based on their "defective characteristics". What might be striking for us looking at this graph in 2019 is the terminology used, which might appear harsh and not so subtle. In reality these terms at the time were not perceived as insulting or offensive, because they were proper medical terms used to classify mentally impaired individuals. However, the nomenclature used for deficiencies has always been slippery and in some ways difficult to adjust to, considering the negative identity some terms acquired in non-medical conversations. This is why there has been a step-by-step modification throughout the years to fit the medical terms according to their general perception. Therefore, "mental retardation" became "intellectual disability" and "retarded", "imbecile", "moron" and "idiot" individuals became "mentally impaired" with different abilities [START_REF] Crissey | Mental retardation: Past, present, and future[END_REF][START_REF] Mirabi | Psychiatry and Mental Retardation: A Historical Perspective[END_REF].

Intellectual disability -epidemiology and causes

Mental disorders are highly prevalent globally, affecting people of any class and status in every region of the world. The introduction of well-calibrated tests and criteria for ID allowed a more precise estimate of several mental disorders. Indeed, the statistical prevalence of ID estimated worldwide is approximately 1% to 3%, although the methodological characteristics of the singular studies can affect the results.

The individuals with more severe forms of intellectual disability typically receive the correct health care service they need. However, it is estimated that among those with milder forms of mental disorder less than half receive mental health support (Johnson and Walker, 2006;[START_REF] Merikangas | Epidemiology of mental disorders in children and adolescents[END_REF]. Despite the prevalence of ID being overall similar across ages, it has been estimated that as many as 40% of adults with ID are not known to the medical system.

It is noteworthy that ID is not a disease by itself but rather a developmental consequence of several circumstances. Although some causes of ID have been identified and researched upon, in 30-50% of all cases the origin of ID remains unknown. ID can be divided into two subfamilies according to the established risk factors:

1) syndromic ID, in which the intellectual defects are associated to other medical symptoms. Various genetic disorders can lead to ID, the most frequent ones being Down syndrome and Fragile X syndrome, accounting for about 30% of all ID cases;

2) non-syndromic ID, in which no other medical abnormalities co-occur. The main causative factors of non-syndromic ID are maternal substance abuse during pregnancy (e.g., alcohol abuse causes fetal alcohol syndrome) or exposure to certain infections (e.g., rubella), drugs or chemicals (e.g., valproic acid or affected subjects. Moreover, ASD may occur as a result of genetic predisposition and/or environmental interactions during early development (Chaste and Leboyer, 2012).

No approved treatment is available for ASD to date, however several evidencebased interventions are accessible. Among them occupational therapy, relationship development intervention and speech therapy are some of the most common treatments to improve behavioral and social interaction problems. Furthermore, specific cures for the associated medical conditions (anti-epileptics, anti-depressives, etc.) can also be of help [START_REF] Ameis | Systematic review and guide to management of core and psychiatric symptoms in youth with autism[END_REF].

It is noteworthy that ASD is not an intellectual disability. This misconception is particularly widespread nowadays, but intellectual ability -or lack thereof -is not part of the diagnostic criteria of ASD and in fact, never has been. For instance, a person in the autism spectrum might have an easier and quicker ability to progress in some areas related to adaptive behaviors, while being somewhat differently/unevenly capable in others, but will generally be able to learn, reason, problem solve, think abstractly and apply/transfer learnings, which are skills related to intellectual ability.

It is indeed true that a child can have co-occurring autism and intellectual disability, but this is not the rule and it cannot be said that the two impairments are always found together. Patients who present the combination of the two will likely need an individual support that is different from individuals with only ASD, because they lack both intellectual and adaptive abilities. Presence of an intellectual disability, communication issue, epilepsy or another genetic disorder can be quite common, and in fact 70% of people with ASD are associated with these co-morbidities. A study conducted in 2008 by the Center for Disease Control (CDC) showed that around 38% of children with ASD also had ID. On the other hand, only 10% of individuals with ID also show autistic traits. In the Third Edition of the America's Children and the Environment (updated October 2015) are presented the data of an ongoing annual survey conducted by the National Center for Health Statistics on U.S. children aged 5 to 17 reported to have ID (for reference, https://www.epa.gov/ace).

CHAPTER 2 -FRAGILE X SYNDROME 1. Fragile X syndrome -the history of its discovery

In 1943, James Purdon Martin and Julia Bell described a specific form of ID, by reporting a family case study in which they observed that ID was linked to the X chromosome. Indeed, they observed that this form of ID was inherited from the Xchromosome of a mother carrying the trait or from an affected father. The outcome of their research was published in 1943 [START_REF] Martin | A PEDIGREE OF MENTAL DEFECT SHOWING SEX-LINKAGE[END_REF] and they detailed and discussed the observations made on a family with a total of eleven male children across two generations who exhibited symptoms of ID. Martin and Bell, after detailing the family's history and interviewing the affected individuals, could conclude that the condition was sex linked and inheritable. Moreover, they hypothesized that the speech deficits affecting the patients could probably be explained by the improper development of specific areas of the brain, like the pre-frontal cortex. Interestingly, they didn't report one of the main recurring features of the disease, the testicle enlargement in males. They named the disease Martin-Bell syndrome.

In 1969, Herbert Lubs observed an unusual "marker X chromosome" on the extremity of the long arm of the X chromosome [START_REF] Lubs | A marker X chromosome[END_REF], which was subsequently addressed as the "fragile site" [START_REF] Hecht | The importance of being a fragile site[END_REF]. Lubs also developed the chromosomal test for FXS, which was scarcely used until the late 1970's.

An extensive and more detailed description of the disease, now named Fragile X syndrome, was given in 1985, when Felix F. de la Cruz outlined the main physical, psychological and cytogenic characteristics of FXS [START_REF] Cruz | Fragile X Syndrome[END_REF], but nothing has been known about its genetics until 1991. In this year, the causative gene of FXS was identified, sequenced and further characterized [START_REF] Oberlé | Instability of a 550-base pair DNA segment and abnormal methylation in fragile X syndrome[END_REF][START_REF] Verkerk | Identification of a gene (FMR-1) containing a CGG repeat coincident with a breakpoint cluster region exhibiting length variation in fragile X syndrome[END_REF]: it was named FMR1, from Fragile X Mental Retardation 1 gene.

Ten years later, in 2001, the two linked diseases Fragile X-associated tremor/ataxia syndrome (FXTAS) and Fragile X-associated primary ovarian insufficiency (FXPOI) were also recognized to be associated with Fmr1 [START_REF] Cronister | Heterozygous fragile X female: historical, physical, cognitive, and cytogenetic features[END_REF][START_REF] Hagerman | Intention tremor, parkinsonism, and generalized brain atrophy in male carriers of fragile X[END_REF].

Fragile X syndrome -the disorder

Fragile X syndrome ORPHA:908 is a rare genetic condition having a prevalence of 1:4000 males and 1:7000 females worldwide [START_REF] Brown | The fragile X: progress toward solving the puzzle[END_REF]Coffee et al., 2009; Therefore, when an X-linked gene is deficient, in women it will be compensated by the normal X-linked allele present on the other X chromosome, while males will manifest the pathology. Women are, so to speak, "protected" by the additional X chromosome, which makes them carriers of the disease without showing the symptoms. On the contrary, if a male has a defective X chromosome, he cannot count on the normal counterpart to mask the resulting phenotype (Kirchgessner et al., 1995).

Interestingly, in FXS 30% of female carriers are found to manifest ID, although at a lower grade, and this is due to a mechanism of inactivation (methylation) of the normal X chromosome during early embryogenesis in a given cell that causes its silencing, in the subset of cells deriving from it. Indeed, in healthy females, the inactivation of one of the two X chromosomes causes Fmr1 to be normally methylated, while the second X chromosome contains the "healthy" allele of the gene. On the other hand, in the presence of the disease, not only one of the two X chromosomes is inactive, but the second one, in a subset of cells, carries the methylation of the CGG triplet expansion, causing the gene to be only partially expressed.

Fragile X syndrome -the phenotype

Intellectual disability

FXS is the leading identified monogenic source of ASD and a major cause of mental deficiency in our society. It represents the second most common form of chromosome abnormality -after Down syndrome -among the mentally impaired and it is an inherited X-linked ID condition [START_REF] Hagerman | Fragile X and autism: Intertwined at the molecular level leading to targeted treatments[END_REF][START_REF] O'donnell | A decade of molecular studies of fragile X syndrome[END_REF]. Indeed, it is known that about 20% more males than females are mentally retarded. About 75% of individuals with Fragile X syndrome show ID as a major symptom, with mild to moderate ID and IQ scores between 50 and 75 (in the general population about 63% of all testtakers obtain scores from 85 to 115 and about 14% from 70 to 85). The remaining 25% of patients show a higher degree of ID and IQ scores inferior to 50 (Hagerman et al.,4.3. Epilepsy Approximately 20% of FXS individuals show epilepsy [START_REF] Musumeci | Epilepsy and EEG findings in males with fragile X syndrome[END_REF], which appears usually between 4 and 10 years of age and disappears, with some exceptions [START_REF] Sabaratnam | Epilepsy and EEG findings in 18 males with fragile X syndrome[END_REF], after puberty. Even the proportion of boys not manifesting seizures shows EEG abnormalities [START_REF] Berry-Kravis | Epilepsy in fragile X syndrome[END_REF][START_REF] Berry-Kravis | Seizures in Fragile X Syndrome: Characteristics and Comorbid Diagnoses[END_REF]. The usual treatment is done by single-drug antiepileptic therapy during the developmental period and it is usually continued throughout life to avoid seizure relapse in later stages of life.

The behavioral phenotype

The main features that characterize the behavior of FXS patients consist of hyperactivity, anxiety, impulsivity, gaze avoidance, short attention span, continuative speech, hypersensitivity to sensory stimuli (like light and sound inputs), stereotyped and repeated movements, inconvenient emotional manifestations and episodic tantrums (Cornish et al., 2008;[START_REF] Grefer | The emergence and stability of attention deficit hyperactivity disorder in boys with fragile X syndrome[END_REF]. Although many of these symptoms, especially if combined, cause a general state of stress in patients, in particular "secured" environments (like families) a number of patients can sustain short conversations, behave in an appropriate manner and adapt a positive attitude towards daily activities.

Since FXS represents the most common monogenic cause of ASD, a portion of FXS patients (about 5%) show autistic traits [START_REF] Budimirovic | What can we learn about autism from studying fragile X syndrome?[END_REF]. This is true also for premutation male carriers (Chonchaiya et al., 2012) while female carriers of a full mutation show a milder ASD manifestation [START_REF] De Vries | Mental status of females with an FMR1 gene full mutation[END_REF].

Fragile X syndrome -the genetics

The Fmr1 gene

FXS is caused by the silencing of the FMR1 gene, which was cloned in 1991 (Connor, 1991). Localized on the long arm of the X chromosome, FMR1 is encoded in 17 exons that span 38 kb of Xq27.3 [START_REF] Eichler | Fine structure of the human FMR1 gene[END_REF] and encodes a 4.4 kb long mRNA that is subjected to alternative splicing. The products of these events of splicing generate 12 protein isoforms that can be detected in various tissues and that usually span from 70 to 80 kilodaltons (kDa) in size. The FMR1 gene is evolutionarily well conserved, with homologs found in all vertebrates (e.g., mouse, chicken and frog) and some invertebrates (e.g., the fly Drosophila melanogaster).

The CGG repeat is located in the 5'-UTR (the promoter region): this is the site of the expansion that gives rise to FXS. In response to a massive expansion of this CGG triplet Fmr1 gets highly methylated and this causes the disease.

From polymorphism to full mutation

In the general population, the CGG triplet of the FMR1 gene is expanded polymorphically to a maximum of 54 repeats and this expansion doesn't produce any deficit. The silencing of the Fmr1 gene in FXS is due to an expansion of around 200 to more than 1000 units of the CGG repeat in more than 95% of the cases and this event is known as "full" mutation. In rare cases, point mutations and deletions have also been reported to be causative of the disease (Willemsen et al., 2011).

Other two diseases are linked to failures of the normal function of FMR1, namely FXPOI and FXTAS (Goodrich-Hunsaker et al., 2011). These two conditions are caused by what's referred to as "premutation" alleles (which are defined by lengths between 55 and 200 repeats). A woman carrying the premutation allele is at ∼ 25% risk of FXPOI with a major impact on her reproductive future, while a man who carries the premutation allele is at more than 50% risk of FXTAS, a disorder characterized by tremor, ataxia and cognitive decline. In the case of premutation, the molecular and clinical consequences are different than the ones observed in full mutation, since the CGG expansion in FMR1 has different effects on gene expression. Indeed, the premutation alleles are linked with a gain-of-function pathogenetic mechanism, since they associate with an increase in FMR1 gene transcription and a slight reduction of FMRP levels. On the contrary, the full mutation alleles associate with a loss-of-function pathogenetic mechanism, since the gene is silenced and neither RNA nor protein is produced (Willemsen et al., 2011).

Peculiar conditions have been identified in some individuals whose clinical picture appears more complex and whose features belong to both FXS and FXTAS. A limited number of patients manifest a condition called mosaicism (Jiraanont et al., 2017), either carrying both full mutation cells and premutation cells (size mosaicism [START_REF] Milà | Mosaicism for the fragile X syndrome full mutation and deletions within the CGG repeat of the FMR1 gene[END_REF] or expressing the full mutation where only a portion of the mutated allele is methylated (methylation mosaicism; [START_REF] Genç | Methylation mosaicism of 5'-(CGG)(n)-3' repeats in fragile X, premutation and normal individuals[END_REF][START_REF] Hagerman | High functioning fragile X males: demonstration of an unmethylated fully expanded FMR-1 mutation associated with protein expression[END_REF].

Fmr1 mutations and their implications in disease

FMRP and its network of mRNA targets and interacting proteins contribute to several forms of synaptic plasticity involving learning and memory processes, notably induced by activation of type I metabotropic glutamate receptor (mGluR; (Davidovic et al., 2011).

Mice lacking FMRP have impaired long-term potentiation in somatosensory cortex (Li et al., 2002), visual cortex (Wilson andCox, 2007), olfactory cortex [START_REF] Larson | Agedependent and selective impairment of long-term potentiation in the anterior piriform cortex of mice lacking the fragile X mental retardation protein[END_REF], cingulate cortex and amygdala (Zhao et al., 2005) and enhanced long-term depression 6.1. The FMRP family FMRP is part of a family of proteins that comprises its own orthologues as well as the two FXR1P and FXR2P paralogues (70-80% of identity and 80-90% of similarity at the Nterminal block of 444 residues; no conservation at the C-terminus). FXR1P and FXR2P are conserved in humans, mice and Xenopus laevis (Coy et al., 1995;Siomi et al., 1995;[START_REF] Feng | Translational suppression by trinucleotide repeat expansion at FMR1[END_REF] and they are autosomally encoded (3q28 and 17p13.2 respectively; (Coy et al., 1995). FXR1P is highly expressed in muscles, especially in the heart, where FMRP and FXR2P are substantially absent (Coy et al., 1995;[START_REF] Devys | The FMR-1 protein is cytoplasmic, most abundant in neurons and appears normal in carriers of a fragile X premutation[END_REF]Khandjian et al., 1995).

FMRP -the structure

FMRP is a medium sized protein (71 kDa) with a full-length genomic sequence of 632 amino acids (aa). This protein has been functionally characterized and its domains have been described (Figure 3). FMRP contains:

-several RNA-binding domains, which are typical RNA and single strand DNA binding modules [START_REF] Nicastro | KH-RNA interactions: back in the groove[END_REF][START_REF] Valverde | Structure and function of KH domains[END_REF]. These domains include: 3 KH (K Homology) domains (KH0, KH1, KH2), which are evolutionarily conserved sequences of around 70 aa that can function in RNA recognition; -the RGG box, which is a 20-25 aa long sequence that contains repeats of arginineglycine-glycine; -a Nuclear Localization Signal (NLS) present in the KH0 region, which tags the protein for import from the cytoplasm to the cell nucleus; 1) In normal conditions, FMRP-mRNPs are massively associated with actively translating polyribosomes and FMRP is also localized at P-bodies (Pb), consistently with its activity of repressor and activator of translation [START_REF] Barbee | Staufen-and FMRP-Containing Neuronal RNPs Are Structurally and Functionally Related to Somatic P Bodies[END_REF]Stefani et al., 2004);

2) During a cellular stress, FMRP-mRNPs (and other mRNAs) are directed to stress granules and FMRP plays an active role in this process [START_REF] Didiot | Cells lacking the fragile X mental retardation protein (FMRP) have normal RISC activity but exhibit altered stress granule assembly[END_REF][START_REF] Gareau | Characterization of fragile X mental retardation protein recruitment and dynamics in Drosophila stress granules[END_REF];

3) More specifically in neurons, some of the FMRP-mRNP complexes are selectively translocated to distant locations (dendritic spines) within RNA-granules together with other RNA-binding proteins and ribosomes. FMRP was thus proposed to be a link/adaptor between RNA and motor molecules (Davidovic et al., 2007).

FMRP is a multifarious protein, because of its involvement in different steps of RNA metabolism and its interaction with several proteins, mainly implicated in cytoskeleton remodeling (Abekhoukh and Bardoni, 2014;Maurin et al., 2014) and ion channel control [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF]Ferron, 2016). The principal aspects of FMRP that have been investigated over the years are its RNA-binding properties. Indeed, FMRP modulates the expression of thousands of mRNAs primarily at the translational level and, in particular, it has been shown to regulate translation at the synaptic level. This local regulation has pleiotropic effects especially on synaptic functioning.

Over the years, FMRP acquired the reputation of translational repressor, since many studies concluded that this protein has the ability to inhibit protein production from several mRNAs. When taking into consideration all data gathered on the translational modification ability of FMRP, it can be concluded that FMRP is mainly a repressor of 3) Certain proteins encoded by targets of FMRP can elude the repression of translation mediated by FMRP (Maurin and Bardoni, 2018).

Thus, not only it is important to investigate the spatio-temporal-dependent manner in which FMRP controls its targets, but also the RNA-binding specificity this protein has.

Evidences point out that several target mRNAs of FMRP contain short sequences that are recognized by FMRP only when in the context of a secondary RNA structure, namely single stranded regions or loop sequences of stem loop structures (Maurin et al., 2018a).

In addition, FMRP targets show an enrichment of G-quadruplex structures, further suggesting the ability of FMRP to recognize and bind structural motifs (Ascano et al., 2012;Maurin et al., 2018a).

More in detail, the main functions of FMRP are:

1) Translational regulation: most of the data obtained up to date point to a critical role of FMRP as a translational regulator by direct interaction with mRNA and being associated to translating polyribosomes. Interestingly, depending on the target mRNA, FMRP acts as a repressor or as an enhancer of translation. Indeed, while G-quadruplex, G4-RIF motif or the ACUK/WGGA have been shown to mediate translational repression, the So-Slip structure is an enhancer of translation (Maurin and Bardoni, 2018). Some mechanisms that have been reported to date to modulate the translation of the FMRP target mRNAs are: I) the inhibition of translation by preventing ribosome scanning via a G-quadruplex structure localized in the 5'UTR of a target mRNA that can be organized by the WGGA sequence or via another structure associated with ACUK/WGGA motifs (Ascano et al., 2012); II) the retention of mRNAs in translationally inactive mRNPs via interaction with the "kissing complex" motif (Darnell et al., 2005); III) the repression through a polyribosome stalling mechanism (sequences mediating this process have not been identified) (Stefani et al., 2004); IV) the activation via the interaction with the SoSLIP RNA or via a G-quadruplex structure when located at the 3'UTR (Bechara et al., 2009);

2) RNA transport: the presence of FMRP in RNA granules and its interaction with at least two kinesins have supported the idea that this protein can have an active role in the transport of mRNAs. Our laboratory has shown that FMRP interacts with Kif3, representing a link between RNA and the molecular motor for dendritic/axonal transport (Davidovic et al., 2007). Furthermore, the kinesin Kif5 has been observed to coimmunoprecipitate with FMRP (Dictenberg et al., 2008). mRNAs copurified with Kif5 have been analyzed by RT-qPCR, showing that among them many target mRNAs of FMRP are present (Pp2ac, CamkIIa, Sapap4, and Map1b) and differentially associated with Kif5 depending on the presence of FMRP. Altogether, these findings suggest that FMRP facilitates dendritic/axonal transport by mediating the interaction between molecular motors and RNA.

However, this enhancing function is not systematic and depends on the FMRP mRNA target. For example, the G-quadruplex RNA structure has properties of a zip-code when located in the 3'-UTR of the Psd95 and CamkII mRNAs, but the dendritic transport of these mRNAs was not described as FMRP-dependent. On the other side, an increase in Bdnf mRNA in dendrites of Fmr-Knock-Out (KO) mice under resting conditions was observed. In our laboratory it has been demonstrated that FMRP binds the 3'-UTR of the Bdnf mRNA, directly implicating FMRP in the regulation of the trafficking of this mRNA [START_REF] Vicario | Dendritic targeting of short and long 3′ UTR BDNF mRNA is regulated by BDNF or NT-3 and distinct sets of RNA-binding proteins[END_REF]. Thus, in the absence of FMRP, an increased dendritic transport of some of its targets could be associated with an increased expression level at the synapse of their encoded proteins.

3) Intracellular trafficking: between FMRP and heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNPC) there is a competition for binding the mRNA of Amyloid Precursor Protein (APP): this suggested that FMRP represses translation by recruiting APP mRNA to processing bodies, whereas hnRNPC promotes APP mRNA translation by displacing FMRP. Even if an altered association with polyribosomes was observed for other targets of FMRP in FXS cells, the specific mechanism shown for the mRNA of APP was never validated for any other target of FMRP [START_REF] Lee | hnRNP C promotes APP translation by competing with FMRP for APP mRNA recruitment to P bodies[END_REF]; 4) Nucleocytoplasmic shuttling: FMRP is a predominantly cytoplasmic protein but it harbors domains promoting import to the nucleus or export to the cytoplasm.

Consistently, endogenously expressed FMRP molecules are detected in nuclear fractions upon subcellular fractionation experiments using HeLa or human lymphoblastoid cells or visualized in the nucleus by immunostaining in response to replication stress or during early developmental period in Xenopus tropicalis and zebrafish embryos. A specific FMRP isoform generated by alternative splicing and lacking the NES has been revealed in the nucleus associated with Cajal bodies in a transfected cell line. However, the effective localization of this protein has never been demonstrated. In brain, using immunogold staining, which provided sufficient sensitivity and resolution, few FMRP-labeled particles were detected in the nucleus of cortical and hippocampal neurons [START_REF] Filippini | Absence of the Fragile X Mental Retardation Protein results in defects of RNA editing of neuronal mRNAs in mouse[END_REF]. It has been proposed that FMRP is recruited early on its target mRNAs in the nucleus and may participate to their nuclear export to the cytoplasm. However, the effective addressing of FMRP to the nucleus in neurons, its regulation and its nuclear functions still remain open questions.

Animal models of FXS

FXS is a natural occurring human disease that doesn't manifest spontaneously in other species, therefore in order to get an animal model for the disease it has been necessary to genetically modify several species. To date, a number of model organisms have been generated to study FXS, and they include both vertebrate (mammalian and nonmammalian) and invertebrate species.

The main non-mammalian species used are the fruit fly Drosophila melanogaster and the zebra fish Danio rerio, which generally serve as a first source of fast answers, especially about gene function. If, on one side, the central nervous system (CNS) of these animals is relatively simple compared to the one of humans, it is also known in better detail and much easier to handle and can give important information. Clearly, more complex organisms are needed when turning to biomedical research, since they can give robust experimental foundation. For this purpose, rats (Rattus norvegicus) and mice (Mus musculus) are the most popular rodent models for FXS that have extensively been used in the study of this disorder.

Danio rerio

For the study of embryonic development in a vertebrate system, the zebra fish Danio rerio has proven to be a very convenient animal model. Genetically modified animals are obtained by random mutagenesis [START_REF] Den Broeder | Generation and characterization of FMR1 knockout zebrafish[END_REF] or morpholino KO (Truszkowski et al., 2016) and show impairment in several FXS-related neuronal phenotypes and behaviors (Kim et al., 2014;[START_REF] Ng | Behavioral and Synaptic Circuit Features in a Zebrafish Model of Fragile X Syndrome[END_REF]. It is commonly assumed that the KO obtained through morpholino injection is potentially derived by experimental artifacts (Schulte-Merker and Stainier, 2014), but nevertheless the valuable potential of zebra fish as a complementary vertebrate model is unquestionable, especially for the first stages of development.

Drosophila melanogaster

dFMR1, the Drosophila homolog of FMR1, was identified in 2000 by Wan et al. and its sequence is highly conserved, with the two KH domains being 75% identical between the human and the fruit fly genes [START_REF] Wan | Characterization of dFMR1, a Drosophila melanogaster Homolog of the Fragile X Mental Retardation Protein[END_REF]. The gene, which codes the dFMRP protein, is widely expressed throughout Drosophila embryos, but particularly in the brain, CNS (mushroom bodies, the centers for learning and memory), ventral nerve cord and muscle precursors, while in larvae we find it present also in testes [START_REF] Lee | Control of dendritic development by the Drosophila fragile X-related gene involves the small GTPase Rac1[END_REF][START_REF] Schenck | Novel features of dFMR1, the Drosophila orthologue of the fragile X mental retardation protein[END_REF]. In fly adults, dFMRP is present mainly in brain and its associated neural projections, but also in other non-neuronal areas, where it exerts different functions.

Interestingly, Drosophila dFMR1 mutants show phenotypes that recall human FXS symptoms, like motor impairment and social behavior (for more details, refer to the review by [START_REF] Drozd | Modeling Fragile X Syndrome in Drosophila[END_REF].

Rattus norvegicus

Rats have proven to be a good model for experimentation, and more so for neuroscience studies, since their brains are bigger than the ones of mice. Moreover, compared to their rodent counterpart, rats have a milder nature, are able to learn more sophisticated behaviors and show finer social skills, which makes them a very good model to mimic the complex phenotypes of FXS patients. However, their purchase and maintenance come at a higher price and they are less genetically amenable than mice and flies, therefore these two latter models are generally preferred for biochemical and molecular analysis, while rats are used mostly for behavioral tests [START_REF] Dahlhaus | Of Men and Mice: Modeling the Fragile X Syndrome[END_REF].

Mus musculus

The Knock-Out (KO) mouse model is the first FXS model ever created (The Dutch-Belgian Fragile X Consortium, 1994). The generation of this model was done by homologous recombination of a targeting vector into the mouse germline using embryonic stem cells.

In its early days, it showed a problem related to the remaining activity of the promoter of the Fmr1 gene, which was still active and caused an abnormal production of RNA. To avoid this issue, two different KO models were developed in parallel: the conditional KO, where the gene is only expressed in the tissue of interest (Mientjes et al., 2006), and the constitutive Fmr1-KO, where there is total absence of the protein in the whole animal, which is the one I used for my thesis (C57Bl6 background). In this model, differently from the original one, the absence of production of FMRP is accompanied by the absence of RNA transcript. Noticeably, it is not possible to use a model which recreates the full CGG expansion present in the human gene, since in mice the same modification doesn't provoke the methylation and consequent silencing of the gene as it happens in humans [START_REF] Brouwer | Elevated Fmr1 mRNA levels and reduced protein expression in a mouse model with an unmethylated Fragile X full mutation[END_REF].

For the moment, the mouse model is in general considered the best model for FXS because it recapitulates a large number of FXS phenotypes, like deficits in learning and memory (for review [START_REF] Melancia | Modelling fragile X syndrome in the laboratory setting: A behavioral perspective[END_REF], anxiety [START_REF] Heulens | Pharmacological treatment of fragile X syndrome with GABAergic drugs in a knockout mouse model[END_REF]Liu and Smith, 2009;[START_REF] Peier | Over)correction of FMR1 deficiency with YAC transgenics: behavioral and physical features[END_REF], repetitive behaviors (Kramvis et al., 2013;[START_REF] Pietropaolo | Genetic-background modulation of core and variable autistic-like symptoms in Fmr1 knock-out mice[END_REF]Spencer et al., 2011), hyperactivity [START_REF] Peier | Over)correction of FMR1 deficiency with YAC transgenics: behavioral and physical features[END_REF][START_REF] Pietropaolo | Genetic-background modulation of core and variable autistic-like symptoms in Fmr1 knock-out mice[END_REF], social interaction and communication (Dahlhaus and El-Husseini, 2010;[START_REF] Gholizadeh | Reduced Phenotypic Severity Following Adeno-Associated Virus-Mediated Fmr1 Gene Delivery in Fragile X Mice[END_REF][START_REF] Mcnaughton | Evidence for social anxiety and impaired social cognition in a mouse model of fragile X syndrome[END_REF][START_REF] Pietropaolo | Genetic-background modulation of core and variable autistic-like symptoms in Fmr1 knock-out mice[END_REF]Rotschafer et al., 2012;[START_REF] Roy | Comprehensive analysis of ultrasonic vocalizations in a mouse model of fragile X syndrome reveals limited, call type specific deficits[END_REF], altered volumes of specific brain regions (Gothelf et al., 2008;Hoeft et al., 2010), dendritic spine dysmorphogenesis [START_REF] Galvez | Sequence of abnormal dendritic spine development in primary somatosensory cortex of a mouse model of the fragile X mental retardation syndrome[END_REF]Grossman et al., 2006), and macroorchidism (Slegtenhorst-Eegdeman et al., 1998).

CHAPTER 3 -ALTERED SIGNALING IN FRAGILE X SYNDROME 1. Excitation and inhibition in Fragile X syndrome -the importance of balance

The two main classes of neurons that form the cerebral cortex are pyramidal cells and interneurons, which respectively use glutamate and Gamma-AminoButyric Acid (GABA) as neurotransmitters. In the adult brain, glutamatergic pyramidal cells are excitatory while GABAergic interneurons exert inhibitory functions. These two systems are responsible for maintaining an excitatory/inhibitory (E/I) balance of neurotransmission to allow the correct functioning of the cerebral cortex and, by extension, of the brain.

FXS, as well as other neurological disorders, is characterized by profound alterations in this E/I balance of neurotransmission. In addition, in FXS cortical E/I imbalance is often associated to impairments of neurotransmission that affect other brain areas, therefore leading to the typical symptoms of the disease. Indeed, visual and somatosensory cortex impairment cause the failure of sensory system neuronal processing, while cerebellar defects have been linked to motor learning deficits.

Moreover, impaired behavior-processing neuronal circuits in the amygdala are associated with emotion recognition and auditory deficits.

The intricate networks of cortical FXS neurons are characterized by hyper responsiveness and hyperexcitability and the explanation of the severe impact that an exaggerated response to the metabotropic glutamate receptor (mGluR) activation has on the psychiatric and neurological aspects of FXS is clearly given by the "mGluR theory", which describes an unbalanced mGluR-mediated protein translation in the absence of FMRP (Bear et al., 2004). On the other hand, it is important to define the role of the stream counterpart of excitation, which is inhibition; the analysis of its balancing activity is indeed crucial to have a better understanding on how this equilibrium works. The main CNS inhibiting neuronal network is represented by the GABA pathway, which, as mentioned above, is deregulated in FXS (Adusei et al., 2010).

In order to maintain a "healthy" neuronal transmission, it is of utmost importance the activity of a so-far-neglected population of neurons: the inhibitory interneurons family. This broad and varied cell population constitutes local inhibiting circuits and provides control over excitatory neuronal networks (Cea-Del Rio and Huntsman, 2014).

Cortical GABAergic interneurons

Although being a relatively restricted neuronal population, interneurons are the most diverse set of neurons present in the forebrain and the multifarious morphologies, connectivity and physiological properties account for their great neuronal variety. By definition, cortical interneurons are short-axon cells that don't project outside of the neocortex, as opposed to cortical neurons, that for the most part are pyramidal cells with long axons projecting towards the white matter. However, there can be projecting neurons with interneuron characteristics and vice versa.

GABAergic interneurons usually have axons that remain close to the soma and project locally to control and synchronize the output of pyramidal neuron microcircuits.

They constitute around 10 to 30% of the total neuronal population and they are morphologically, biochemically and physiologically diversified neurons located in all layers of the cortex. Despite the difficult and sometimes controversial classification of interneuron subtypes, today it is largely accepted that GABAergic interneurons mainly possess inhibitory activity.

GABAergic interneurons are of great importance for neuronal development and functioning and in the neonate the correct formation of these circuits is paramount. Indeed, defects in interneuron activity have been linked to delay in the maturation of GABAergic interneurons in different animal models and for different brain areas. For instance, in the mouse brain, multiple laboratories have shown developmental delays of the sensory cortex, which is caused by the reduced functionality of interneurons that in turn results in hyperexcitability and increased frequency of the global neuronal activity [START_REF] Ethridge | Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome[END_REF][START_REF] Nomura | Delayed Maturation of Fast-Spiking Interneurons Is Rectified by Activation of the TrkB Receptor in the Mouse Model of Fragile X Syndrome[END_REF]. In the same animal model, hippocampus defects in the functioning of interneurons have been described in Fmr1-KO brains, with neuronal network synchronization being compromised and leading to cognitive impairment [START_REF] Arbab | Impaired hippocampal representation of place in the Fmr1 -knockout mouse model of fragile X syndrome[END_REF]. In rat brains, the regulation of the visual cortex is controlled by inhibitory connectivity that is impaired and contributes to disrupted attention and sensory processing [START_REF] Berzhanskaya | Sensory hypoexcitability in a rat model of fetal development in Fragile X Syndrome[END_REF]. Interestingly, an augmentation of GABA release from Basket cells (interneurons) in the cerebellum of mice is responsible for a decreased firing frequency of Purkinje cells in Fmr1-KO brains, which is a recurring feature of autism (Yang et al., 2018). The analysis of the olfactory bulb in Drosophila mutants showed an impairment of GABAergic inhibition of excitatory neurons, and this is causative of defective olfactory behaviors and computation [START_REF] Franco | Reduced Lateral Inhibition Impairs Olfactory Computations and Behaviors in a Drosophila Model of Fragile X Syndrome[END_REF].

Therapeutic strategies for FXS

In the past 20 years, an active exploration of the FXS physiopathology has gone hand in hand with the extensive analysis of FMRP targets in order to clarify the molecular determinants of the disease. The definition of many deregulated pathways paved the way for putative treatment strategies that over the years have been widely examined [START_REF] Berry-Kravis | Targeted treatments for fragile X syndrome[END_REF]. However, even if the efforts of basic research set high hopes for the availability of efficient human therapies in the immediate future, clinical trials have constantly failed to succeed.

Among the putative targets analyzed, the glutamatergic and GABAergic pathways were the first in time to be investigated. Indeed, the excitation/inhibition imbalance in FXS is a well-known phenotype of the disease. Therefore, the therapeutic approaches targeting these pathways were aimed at either inhibiting the mGluR-dependent signaling or stimulating the GABAergic-dependent signaling, but unfortunately, despite the great work conducted in preclinical and clinical research, no promising results derived from targeting these two systems.

In addition to these two pathways, other therapeutic targets have then been considered for the treatment of FXS (Figure 5), since in recent years a big number of studies were pointed toward the identification of novel strategies to treat FXS. I will only give a summary of the most promising pathways that have been studied in recent years, but to have a more in-depth description of the most recent significant discoveries, refer to the Annexes section, Publication 1.

The glutamatergic pathway

The mGluR theory of FXS states that the lack of FMRP exaggerates the activation of the mGluR pathway, causing an hyperexcitation of neurons. Indeed, it has been shown that an overactive signaling through group 1 and 5 mGluRs contributes to many FXS features, as FMRP negatively regulates mGluR-dependent protein synthesis (Bear et al., 2004). In turn, the lack of FMRP is responsible for the absence of down-regulation of this excitatory pathway therefore causing the hyperstimulation of neurons. Although the molecular details of this unbalance are not fully understood, extensive research has been conducted in order to develop a strategy to pharmacologically rescue the mGluR pathway.

The GABAergic pathway

The GABAergic system is the main inhibitory pathway of neurons in the Central Nervous System (CNS) and is necessary to maintain an equilibrium in neuronal activation. In FXS this system is deregulated, since an altered expression of GABA receptor subunits and a drop in the production of GABA have been observed (Adusei et al., 2010;Davidovic et al., 2011). This impairment concurs in the arousal of several FXS features like oversensitivity to sensory stimuli, seizures and anxiety.

The acquired knowledge on the role of GABA signaling in FXS allowed for the designing and application of several approaches and compounds to be used in clinical trials (for review: [START_REF] Lozano | Modulation of the GABAergic pathway for the treatment of fragile X syndrome[END_REF].

The insulin pathway

The insulin pathway has been studied in association with FXS and ASD in different animal models, like the fly [START_REF] Bu | A New Link Between Insulin Signaling and Fragile X Syndrome[END_REF]Monyak et al., 2017;Viollet et al., 2012) and mouse (Wise, 2017) models. Abnormalities in this pathway are associated to several deficits, like aberrant cognitive abilities and circadian regulation. Imbalances in the Insulin-like Growth factor 1 (IGF-1) pathways have been shown to lead to neuronal developmental impairments that in turn cause autistic features.

The matrix metalloproteinases pathway

The extracellular matrix (ECM) is a scaffolding structure that surrounds neurons and glia in the extracellular space, providing not only support to the neuronal network but also guidance in neuronal plasticity. The matrix metalloproteinases (MMPs) are collagenases that can cleave and modify the structure of the ECM (for review: (Reinhard et al., 2015).

More specifically, MMP-9 is an ECM-remodeling collagenase that in brain can control learning and memory formation (Ganguly et al., 2013;[START_REF] Knapska | Reward learning requires activity of matrix metalloproteinase-9 in the central amygdala[END_REF]. Evidently, the hyperactivation of MMP-9 may promote the degradation of the ECM, in turn causing defects in the function and maturation of synapses.

FMRP is a negative regulator of MPP-9 transcription. In FXS, the absence of FMRP cannot guarantee the regulation of the activity of this collagenase, therefore pre-clinical and clinical studies have focused on inhibiting MMP-9 to rescue the abnormal phenotype.

The endocannabinoid pathway

The endocannabinoid system (eCS) consists of neuromodulatory lipids and their receptors, and in the brain it plays a role in synaptic plasticity, modulating nociception, cognition, anxiety and susceptibility to seizures. The impaired functioning of the eCS pathway in glutamatergic synapses has been linked to the absence of FMRP in FXS, therefore a number of drugs have been developed for the rescue of this system (Jung et al., 2012) 2.6. The serotonin pathway Deregulation of the serotonin signaling system (also referred to as 5-HydroxyTryptamine system, 5-HT) has been linked to ASD by observing the levels and availability of serotonin as well as of its precursors (i.e., tryptophan) in patients (Boccuto et al., 2013;[START_REF] Chugani | Developmental changes in brain serotonin synthesis capacity in autistic and nonautistic children[END_REF]. In addition, animal models of autism also display alterations in the serotonin pathway that can be partially rescued by the stimulation of 5-HT receptors (Costa et al., 2012[START_REF] Costa | Novel agonists for serotonin 5-HT 7 receptors reverse metabotropic glutamate receptor-mediated long-term depression in the hippocampus of wild-type and Fmr1 KO mice, a model of Fragile X Syndrome[END_REF]Muller et al., 2016). A recent study from the Malenka laboratory shows that the release of serotonin in the nucleus accumbens plays an important role in enhancing sociability, and this effect is obtained through the activation of specific 5-HT receptors present in this brain area. Conversely, the inhibition of the 5-HT pathway reduces social interactions, suggesting that 5-HT action in the nucleus accumbens is necessary for normal levels of sociability [START_REF] Walsh | 5-HT release in nucleus accumbens rescues social deficits in mouse autism model[END_REF].

The oxytocin pathway

The oxytocin system has been proposed as a therapeutic target of FXS as early as 1989, when it has been shown to play a key role in the balance between excitation and inhibition of neuronal activity (Ben-Ari et al., 1989). Indeed, oxytocin can control the effect of GABA stimulation, particularly in the perinatal period when oxytocin mediates the switch of the GABA system from excitatory to inhibitory (Tyzio et al., 2006) and dysfunctions in this neuropeptide's pathway can lead to autism, as reported in different human studies [START_REF] Domes | Oxytocin improves "mind-reading" in humans[END_REF]Ishak et al., 2011;Winslow and Insel, 2004).

The cAMP/cGMP pathway

A novel therapeutic target to treat FXS is represented by the cAMP/cGMP system. Indeed, recent data published by our laboratory and colleagues (Maurin et al., 2018, refer to the Annexes, Publication 3) show that the mRNA encoding the phosphodiesterase 2A (PDE2A), an enzyme involved in the metabolism of cAMP and cGMP, is a prominent target of FMRP. In the study, High Throughput Sequencing-Cross Linking Immuno-Precipitation (HITS-CLIP) was performed on various mouse brain regions in order to determine FMRP RNA targets and it allowed to identify the Pde2a mRNA as the main target of FMRP in the mouse cortex at postnatal day (PND) 13, an early stage of development when FMRP is most highly expressed and synaptogenesis peaks.

Subsequent combinations of in vitro, ex vivo and in vivo approaches revealed that PDE2A pharmacological inhibition restores the dendritic spine morphology and mGluRdependent long-term depression (LTD) while rescuing altered social behaviors.

Therefore, this pathway can be considered a novel therapeutic target for the treatment of FXS patients (Maurin et al., 2018b), refer to the Annexes, Publication 4).

Ion channel dysfunctions in FXS -other aberrant pathways in FXS

FMRP regulation of ion homeostasis players

The brain transcriptome associated with FMRP contains a broad spectrum of potential mRNA targets that include a number of ion homeostasis regulators and in particular ion channels (Ascano et al., 2012;[START_REF] Brager | Channelopathies and dendritic dysfunction in fragile X syndrome[END_REF][START_REF] Brown | Potassium channel modulation and auditory processing[END_REF]Darnell et al., 2011;Ferron, 2016;Maurin et al., 2018a;Miyashiro et al., 2003). Among them, those encoding the voltage-gated potassium channels Kv3.1b and Kv4.2 (Gross et al., 2011;[START_REF] Lee | Bidirectional regulation of dendritic voltage-gated potassium channels by the fragile X mental retardation protein[END_REF]Strumbos et al., 2010).

FMRP has also been shown to directly bind ion channel proteins and the first data obtained were published by the Brown group on the sodium-activated potassium channel Slack (Brown et al., 2010). Subsequently, many more channels have been identified as targets of FMRP (reviewed in (Ferron, 2016), namely the large conductance Ca 2+activated potassium BK channel (Deng et al., 2013) and the Voltage-Gated Calcium Channels (VGCCs) Cav2.2 (Ferron et al., 2014) and Cav2.1 [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF].

Calcium impairment in neurons

Calcium homeostasis impairment in FXS has been demonstrated by several laboratories since Chen et al. first showed an alteration in some VGCCs [START_REF] Chen | The fragile X mental retardation protein binds and regulates a novel class of mRNAs containing U rich target sequences[END_REF] in the frontal cortex of Fmr1-KO mice. Indeed, impairment in ion homeostasis has been pointed out in many studies (Achuta et al., 2018;[START_REF] Contractor | Altered neuronal and circuit excitability in fragile X syndrome[END_REF]Deng et al., 2013;Ferron et al., 2014;Meredith et al., 2007;Wahlstrom-Helgren and Klyachko, 2015;Zhang et al., 2014), in particular in association with calcium deregulation (Brown et al., 2001;Catterall and Few, 2008;Maurin et al., 2018a;Miyashiro et al., 2003). For instance, FMRP has been shown to repress the translation of Kv3.1b K + channels in mice and activate the translation of L-type Ca 2+ channels in human cells. Furthermore, FMRP has been reported to directly bind ion channels via direct protein/protein interactions thereby modulating their pore conductivity and affecting neural activity by regulating Ca 2+ signaling. This has been shown for K + channels, including Na + -activated Slack and Ca 2+activated BK channels. Also, FMRP indirectly controls presynaptic N-type Ca 2+ channel levels by acting on proteasomal degradation (for review, [START_REF] Davis | Multifarious Functions of the Fragile X Mental Retardation Protein[END_REF].

Recently, FMRP has also been shown to directly interact with two members of the VGCC family, namely Cav2.1 and Cav2.2 (Ferron et al., 2014).

Ion channel gene defects have been characterized in association with ASD and

VGCCs is a well-recognized channel family involved in channelopathy diseases and ASD (Chemin et al., 2018;Damaj et al., 2015;[START_REF] Schmunk | Channelopathy pathogenesis in autism spectrum disorders[END_REF].

Deregulation in the calcium pathway has been observed in both ASD-comorbid syndromes, namely FXS and tuberous sclerosis types 1 and 2 [START_REF] Schmunk | Shared functional defect in IP3R-mediated calcium signaling in diverse monogenic autism behavioral deficits[END_REF] and in subjects with sporadic ASD (Schmunk et al., 2017).

The important role of calcium in neurons

Calcium ions are universal second messengers guiding a wide range of important cell functions, such as gene transcription, regulation of metabolic activity, cell growth and neurotransmitter release, controlling virtually every aspect of cell life. Neurons, which are extremely sensitive to calcium concentration unbalances, are profoundly altered in their activity when defects in Ca 2+ homeostasis occur and this can lead to destructive consequences. Therefore, calcium regulation is a finely organized process that involves the activity of multiple protein complexes that compose the Ca 2+ signaling toolkit of neurons [START_REF] Carafoli | Calcium signaling: a tale for all seasons[END_REF].

The cytosolic calcium concentration is set by the balance between calcium influx and efflux as well as by the exchange of calcium with internal stores. In mammals, the extracellular calcium concentration is in the millimolar range, while at the intracellular level it is at nanomolar levels, due to buffering and sequestration into stores. Indeed, upon plasma membrane channel opening, Ca 2+ flows in the cytosol thanks to its concentration gradient, and these transient increases of intracellular Ca 2+ are perceived by the cell as signals to regulate cell function. In order to restore basal Ca 2+ levels, the intervention of pumps and transporters is necessary. More specifically, in neurons calcium entry is stimulated by an action potential that activates the VGCCs placed on the plasma membrane. The ions flowing in the cytosol then stimulate secondary release of calcium from cellular stores activating the Ryanodine receptors (RyR) placed on the endoplasmic reticulum through a mechanism called "calcium-induced calcium release" (CICR). Alternatively to VGCCs, also NMDA or AMPA glutamatergic receptors allow the entry of Ca 2+ from the extracellular space. The release of calcium from intracellular stores can also be triggered by extracellular ligands such as histamine, insulin or adrenaline, which activate the Inositol trisphosphate receptor (IP3R) via intracellular signaling pathways (I3PR/Phospholipase C pathways; [START_REF] Ackerman | Ion channels--basic science and clinical disease[END_REF][START_REF] Clapham | Calcium signaling[END_REF]. Ca 2+ levels in the cytosol must decrease very rapidly, due to the toxicity of the ion, and this depletion is performed by plasma membrane Ca 2+ ATPases (PMCAs) and Na/Ca 2+ exchangers placed on the plasma membrane, and by sarco-endoplasmic reticulum Ca 2+ ATPases (SERCAs).

Finally, calcium sensors present in the cytosol (e.g., calmodulin) are able to finely regulate the concentration of this ion.

Through HITS-CLIP experiments, our laboratory and others were able to identify a number of calcium homeostasis players as FMRP targets. Among them, we remember: ionotropic glutamate receptor NMDA-and AMPA-type, intracellular calcium level sensors, proteins regulating calcium-dependent transcription, intracellular calcium store proteins, calcium transporters, PMCAs, SERCAs, proteins involved in the calcium signaling pathway, and VGCCs (Maurin et al., 2018a).

Voltage-gated calcium channels (VGCCs)

VGCCs are membrane integral proteins that form ionic channels allowing the selective flow of Ca 2+ cations through the plasma membrane according to their electrochemical gradient. As mentioned previously, in the cytosol the Ca 2+ concentration is usually tightly regulated to remain in the nanomolar range and this regulation is of utmost importance in order to avoid toxicity for the cells. VGCCs can be found in various cell types, and in neurons are particularly important to accomplish tasks like gene expression, initiation of synaptic transmission and neurotransmitter release. The trigger that causes the opening of these channels is a change in the voltage of the plasma membrane (also called membrane potential). This electric signal of the action potential is then converted by the VGCCs into a chemical signal consisting of an intracellular Ca 2+ transient.

From the point of view of structure, they consist of a transmembrane pore-forming α1 subunit, composed of four domains (I-IV) each of which is constituted by six transmembrane segments (S1-S6) and a phosphate-binding loop (P-loop) that re-enters the membrane (Figure 6). This subunit gives specificity to the channel and differs among all the subtypes of VGCCs. The channel is also composed of an intracellular β-subunit,

Aims of the thesis

Unraveling the complexity of the molecular networks that play a role in the pathophysiology of FXS is of utmost importance to identify a therapeutic approach for this syndrome. The identification of a therapy for FXS is intimately linked to the definition of the precise function of FMRP and its targets (RNAs & proteins). This search characterized the activity of Dr. Bardoni's laboratory during the last 20 years. Indeed, when I started my stage of thesis at the end of 2015, the HITS-CLIP was already set up and the analyses of the results were in progress. Quickly, it was possible to expose the deregulation of two main pathways in FXS, namely the Phosphodiesterase 2A (PDE2A)dependent cAMP/cGMP and the calcium homeostasis pathways. From this, the main aims of my work were to:

1. Validate the two most prominent targets of FMRP we found in cortex and hippocampus (Pde2A and Cacna1a); 2. Study the homeostasis of Ca 2+ in cultured cortical neurons and in neurons obtained by brain dissociation in the absence of FMRP.

Furthermore, according to the HITS-CLIP results, the expression of mRNAs regulated by FMRP varies not only on the basis of the brain region but also according to the cell type, as we observed by comparing our dataset with the analysis in the somatosensory cortex and the hippocampus single-cell transcriptomic datasets. Thus, an additional aim was to study the differential role exerted by FMRP on signaling modulation in distinct cell types of the brain that can contribute to the heterogeneity of cells that compose this complex organ. To answer to this need, I set-up the aiFACS assay and I applied it to GABAergic interneurons, a wide class of inhibitory interneurons present in the forebrain whose deregulation has been observed in several neurodevelopmental disorders and studied in different animal models.

Materials & Methods

The majority of materials and methods used are fully disclosed in the articles included in the Annexes at the end of this thesis. For the latest unpublished results, in order to allow a fuller comprehension of a new technique prototyped by our laboratory (aiFACS), the materials and methods are listed below.

Brain dissociation and neuron isolation. Full brains were dissected from PND 18 mice.

A brief wash with complete D-PBS (supplemented with 0.5% bovine serum albumin, 1% pyruvate and 15 mM glucose) was performed before cutting the brains sagittally in 6 equally thick sections (2 mm) using a mouse brain matrix slicer (CellPoint Scientific) and 5 razorblades. The brain slices were dissociated mechanically using a gentleMACS™ octodissociator and enzymatically using the Adult Brain Dissociation kit (Miltenyi Biotec) following the manufacturer's instructions. The Neuron Isolation Kit (Miltenyi Biotec) was used for magnetic selection of neuronal cells.

Neuron labeling.

Neuronal suspensions were labeled with the following combination of dyes: the Fluo-4 calcium indicator (5 µg; Invitrogen) and either the Wheat Germ Agglutinin 594 (WGA 594; Invitrogen) for WT cells or the WGA 647 for Fmr1-KO cells (5 µg;Invitrogen). The labelling was performed in complete D-PBS for 30 and 10 min, respectively. The Fluo-4 labelling allowed to follow the changes in calcium flux upon stimulation, while the WGA labelling allowed the multiplexing of samples, which consisted in injecting simultaneously in the FACS two neuronal populations, namely WT and Fmr1-KO, each labelled with a different WGA, so that both of them would be subjected to the same treatment condition at the same time. Once the syringe containing the agonist is opened, the D-PBS buffer syringe is closed.

The agonist solution occurring in flow cell is monitored with the appearance of beads.

At this moment the agonist-responding cells start to be sorted. Cells are collected in D-PBS buffer. Data are analyzed with the BD FACSDiva v6 software (BD Biosciences).

RNA preparation and RT-qPCR. Total RNA from aiFACS-sorted cells was extracted using Trizol reagent (Sigma) according to the manufacturer's instructions. In each experimental sample 5000 cells per condition were used. RNAs were purified with 500 µl of Trizol reagent and precipitated from the aqueous phase with 500 µl of Isopropanol (VWR Medicals) and 1 µg of glycogen (Invitrogen). RNAs were resuspended in 11 µl of RNasefree H2O that were directly added to the RT reaction. RT was performed with the Superscript IV synthesis kit (Invitrogen). An initial amplification was done with a denaturation step at 65°C for 5 min, followed by oligo d(T) annealing at 23°C for 10 min, primer annealing at 53°C for 10 min and primer extension at 80°C for 10 min. Upon completion of the cycling steps, the reactions were stored at 4°C.

Quantitative PCR (qPCR) was performed on a Light Cycler 480 (Roche) with MasterMix SYBRGreen (Roche) following the manufacturer's instructions and according to the MIQE guidelines [START_REF] Bustin | The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments[END_REF]. The primer sequences for Meis2 are the following:

Meis2_F, GCCAAGGAGCAGCGTATAGT; Meis2_R,

ATTCCACTCATGGGTCCTGC.

Immunocytochemistry on FACS-sorted neurons. FACS-sorted neurons were plated on ornithine-coated glass coverslips (35 mm diameter) and cultivated in complete medium:

Neurobasal (Invitrogen) supplemented with B-27 (Invitrogen) and glutamax (Invitrogen) as previously described (Maurin et al., 2018b).

Droplet-based scRNA-seq. Single-cell suspensions were converted to barcoded scRNAseq libraries by using the Chromium Single Cell 3' Library, Gel Bead & Multiplex Kit and Chip Kit (10x Genomics), aiming for an estimated 2000 cells per library and following the manufacturer's instructions. Samples were processed using kits pertaining to V2 barcoding chemistry of 10x Genomics. Libraries were sequenced on an Illumina NextSeq500, and mapped to the mouse genome (build mm10) using CellRanger (10x Genomics). Gene positions were annotated as per Ensembl build 84.

Single-cell gene expression quantification and determination of the major cell types.

Raw gene expression matrices generated per sample using CellRanger (version 2.0.0)

were loaded and processed in R (version 3.4.3). Samples were analyzed independently within the Seurat workflow using the Seurat R package (version 3.0.0). First, all cells that had either over 40% UMIs derived from ribosomal RNAs, over 95% dropouts and over 50000 UMIs were removed. From the remaining cells, gene expression matrices were normalized to the median of cellular UMI count, variably expressed genes were selected as having a normalized expression over 0.1, and a quantile-normalized variance exceeding 0.25. To reduce dimensionality of each dataset, the resulting variably expressed genes were summarized by principle component analysis, and the first 11 principle components further summarized using tSNE dimensionality reduction using the default settings of the RunTSNE function. The three independent analysis were then aggregated using FindIntegrationAnchors and IntegrateData functions. Seurat workflow was then re-run with integrated object using the first 30 PCs. Cell clusters in the resulting tSNE two-dimensional representation were annotated to known biological cell types using canonical marker genes.

Statistics. The non-parametric Mann-Whitney test was applied to data of two unpaired samples. Data are expressed as mean ± SEM, and the P values (or adjusted P values) < 0.05 were considered statistically significant. The statistical analysis was performed using Prism Software 7 version (GraphPad Software, Inc.).

Results

Search and characterization of target mRNAs of FMRP

During mouse brain development, the highest expression of FMRP occurs at PND 13. In this time window synaptogenesis reaches a peak. Our research work was oriented to find targets of FMRP during this early developmental stage and in different mouse brain regions (cortex, hippocampus and cerebellum) in order to better define the function of FMRP and its effect on a variety of neuronal pathways. For this purpose, we performed High Throughput Sequencing of RNAs isolated by Cross Linking Immunoprecipitation (HITS-CLIP; Figure 7) and we were able to identify the largest dataset of FMRP mRNA targets available in mouse so far, including over 1600 new genes, defining also their cellular origins. We confirmed that FMRP is involved in more functions than just translational regulation and that it interacts with different RNAs during different metabolic steps. Furthermore, we could confirm that the G-quadruplex forming structure is enriched in our dataset and it is the main motif mediating the interaction of mRNAs with FMRP. We defined four novel motifs, which are able to negatively regulate translation, and we validated them to be present in the context of single strand RNA regions (likely loop structures). With our results we were also able to understand how FMRP modulates mRNA translation by defining the role of this protein as an enhancer of translation and not only as repressor (as it was mainly considered so far). Lastly, by analyzing the implication of FMRP in the regulation of RNAs expressed in specific brain regions, we identified the Phosphodiesterase 2A (PDE2A) enzyme as the prominent target 2.2. The Cav2.1 channel Another notable target of FMRP found with the HITS-CLIP assay is Cacna1a, encoding the α1 subunit (the pore-forming subunit) of the P/Q-type VGCC Cav2.1. This channel protein is involved in the pathophysiology of ASD and FXS, being a key player in the E/I balance of cortical and hippocampal circuits [START_REF] Schmunk | Channelopathy pathogenesis in autism spectrum disorders[END_REF]. In recent years, several groups showed the binding of FMRP to mRNAs encoding regulators of ion homeostasis. Also, FMRP can directly interact with proteins, and more specifically with

VGCCs. In order to investigate calcium homeostasis defects in FXS, we performed ratiometric calcium imaging recordings on Fmr1-KO neurons from mice. We carried out this functional approach to analyze calcium regulation and we were able to observe differences in the levels of calcium between WT and Fmr1-KO neurons. We showed that neurons lacking FMRP: With our results we underlie the important role played by the Cav2.1 channel in the maintenance of Ca 2+ homeostasis, and we uncover a novel cellular biomarker for cultured Fmr1-KO neurons (Figure 9).

For the full article, refer to the Annexes -article n°5 [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF]. condition). After 3 minutes of recording, we stimulated cells with a high KCl solution (50 mM) to which fluorescently labeled beads where added in order to monitor the pharmacological stimulus (Figure 11A). We observed a simultaneous increase in Fluo-4 fluorescence synchronous to the appearance of beads fluorescence. We sorted the cells that displayed increased Fluo-4 fluorescence in the presence of KCl from the nonresponding cells. Among the responding cells, we were able to discriminate between morphologically different cells, that we labelled as "small" and "big" cells, and RT-qPCR analysis of sorted cell markers showed that the small cell population is enriched in Gad2and Calb2-expressing cells compared to the big cell population, which highlights that the FACS gating strategy favors interneuron selection (Figure 11B,C). Remarkably, post-aiFACS neurons are viable (>90%) and capable to grow neurites after 48h in culture as

shown by MAP2 immunostaining (Figure 11D). were separated according to their size/structure. Membrane labeling with fluorescent lectins allowed the multiplexing of several samples. The pharmacological stimulation is applied in real time and is monitored through the recording of the fluorescence of standard beads. Cell activation is monitored with the Fluo-4 probe in real time and responding cells are sorted from non-responding cells (blue gate). B) Markers from small and big populations -RNAs were purified from big and small cell suspensions and were analyzed by RT-qPCR. The graph shows mRNA expression relative to the neuron suspension (input cells). C) Big and small cell populations were immediately imaged after the aiFACS sort. D) DIV 6 neuron, MAP2 staining. Sorted neurons can grow neurites in vitro: KCl stimulated/sorted neurons were plated on L-ornitin coated glass coverslips, cultivated for up to 6 days in complete neurobasal medium and analyzed by immunocytochemistry.

aiFACS selection through AMPA stimulation enriches sorted cells in interneurons

We prepared fresh neuronal suspensions from PND 18 mice whole brains, sorted them with aiFACS either in the absence (WT) or in the presence of 50µM α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA; WT AMPA) and single cell transcriptomics was performed with the 10x Genomics Chromium and Illumina sequencing platform.

After quality control, we analyzed 2196 cells (874 WT and 1322 WT AMPA).

The canonical correspondence analysis (CCA) of the three aggregated samples led to the identification of 10 cell clusters, broadly split into inhibitory (Dcx,Gad1,Gad2,Dlx6,Dlx1,Dlx5,Dlx2) and excitatory neurons (Slc17a7, Slc17a6, Nrn1, Neurod1, Neurod2) (Figure 12A-E).

We identified 2 clusters of cycling progenitors (Top2a, Ube2c, Mki67, Hmgb2, Cenpf) already engaged toward the inhibitory (Dlx1, Dlx5, Dlx2) or excitatory lineages (Selm,Meis1,Pax6,E2f1,Cog7,Cd63). Inhibitory neurons were split in 3 main populations that express Meis2 in combination with other markers: Tiam2/Nrxn3, Pbx1/Sox4 and Synpr/Calb2/Pbx3.

We also identified two inhibitory neuron clusters further advanced in their maturation process, "Sema3c" (Calb2, Sema3c, Id2, Cnr1) that are Vip neuron precursors and cluster of inhibitory mature neurons "Rora" (Cldn3, Akap7, Cttnbp2, Gad1, Gad2)

that may give rise to CCK interneurons (Figure 12A-D).

Next, we identified a continuum of 3 excitatory cell clusters, separated by their The stimulation with AMPA also selected a small proportion of Olig1-expressing cells (Figure 12A,E). Indeed, these cell types are well known to express AMPA receptors [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF] and were sorted together with the neurons in our experiment. In order to focus our analysis exclusively on neurons, we excluded these cells from downstream analysis. in the temporal window of active synaptogenesis and when FMRP expression peaks in the brain at PND 13. This resulted in the identification of 1065 FMRP-associated mRNA targets (Maurin et al., 2018a): 872 of them are overlapping with previous studies (Ascano et al., 2012;Darnell et al., 2011) while 192 are novel mRNA targets. The results found are highly relevant because our experiment was performed precisely at the time where a phenotypic effect is seen in Fmr1-KO animals. Strikingly, 188 transcripts were also strongly associated with ASD (https://www.sfari.org/resource/sfari-gene/), confirming the strong implication of FMRP in the pathophysiology of this disorder. These findings are critical to understand the mechanism of action of FMRP and the pathophysiology of FXS.

Molecular characterization of FMRP function

Full characterization of FMRP binding sequences in brain

Our analysis clearly shows that the CTGKA, GWRGA and UAY motifs present in regions bound by FMRP are not engaged in Watson-Crick pairing (Maurin and Bardoni, 2018;Maurin et al., 2018a). We conclude that FMRP prevalently recognizes motifs that are presented in single stranded regions or loop sequences of stem loop structures;

Identification of new FMRP-binding coding regions enriched in the GAC codon

The GAC codon is decoded by the m38C_tRNA _Asp, a highly modified tRNA harboring a GUC anticodon whose Guanosine is hyper modified by Queuine (Q). Q is solely provided by the gut microbiota and is used to modify tRNAs. Q deprivation stalls ribosomes at GAC codons and to a smaller extent at near-cognate codons [START_REF] Tuorto | Queuosine-modified tRNAs confer nutritional control of protein translation[END_REF]. Collectively these findings lead to the hypothesis that FMRP stalls polyribosomes -one of the mechanisms proposed to explain the role of translational repressor of FMRP (Darnell et al., 2011;Maurin et al., 2014) -by affecting m38C_tRNA _Asp metabolism (Maurin and Bardoni, 2018);

Understanding of how FMRP modulates mRNA translation

The CLIP results definitively help to define the role of FMRP as enhancer of translation and not only as repressor as it was mainly considered so far (Maurin and Bardoni, 2018); 2.4. Description of the role of FMRP in mRNA transport While it was reported that in the absence of FMRP, the transport of mRNA targets to the synapses is reduced (Dictenberg et al., 2008), we have shown that the transport of Pde2a mRNA is enhanced in Fmr1-KO neurons (Maurin et al., 2018a). These data suggest a heterogeneous role of FMRP in mRNA localization. This function of FMRP has been poorly studied so far, as most works have focused on translational regulation.

Pathophysiology of FXS

Several pathways in the brain are targeted by FMRP, as revealed by gene ontology analysis, and in order to validate the FMRP targets obtained by CLIP, we focused specifically on the two most prominent and representative pathways that show deregulation in the Fmr1-KO mouse brain: the phosphodiesterase 2A (PDE2A) pathway and the calcium (Ca 2+ ) pathway.

The PDE2A pathway

We found that, at PND 13, the mRNA coding PDE2A is a prominent target of FMRP that negatively modulates its translation and dendritic transport in the mouse brain (both in cortex and hippocampus) (Maurin et al., 2018a). PDE2A is a synaptic enzyme -the only PDE located in docked synaptic vesicles (Boyken et al., 2013)-involved in the degradation of both cAMP and cGMP [START_REF] Rosman | Isolation and characterization of human cDNAs encoding a cGMP-stimulated 3',5'-cyclic nucleotide phosphodiesterase[END_REF] that modulates a wide array of intracellular processes and related neurobehavioral functions, including memory and cognition. We showed that the level of PDE2A is increased in FXS mouse neurons and that the abundance of both cAMP and cGMP is reduced (Maurin et al., 2018b). Among the several PDE2A inhibitors characterized so far, we selected the specific, powerful and commercially available BAY60-7550 (Boess et al., 2004) that efficiently crosses the blood-brain barrier (Wang et al., 2017). We found that pharmacological inhibition of PDE2A with BAY60-7550 resulted in the rescue of in vitro (dendrites and axon phenotypes), ex-vivo (exaggerated mGlu-R dependentent LTD) and in vivo (deficit of social behavior) phenotypes characterizing FXS.

In conclusion, our data confirm that the Pde2A mRNA is a critical target involved in the pathophysiology of FXS and suggest that altered expression of PDE2A is a new putative cause of ASD, thus validating our CLIP strategy.

In the future, it will be interesting to perform genetic and chronic pharmacological reduction of PDE2A in Fmr1-KO mice in order to validate the pathophysiological role of PDE2A in various FXS phenotypes and to define a PDE2A-based therapy for FXS.

The calcium pathway

Several reports have shown that multiple FMRP mRNA targets encode regulators of ion homeostasis, particularly in the calcium pathway, by different mechanisms (Ascano et al., 2012;Brown et al., 2001;Darnell et al., 2011;Maurin et al., 2018a;Miyashiro et al., 2003). In particular, FMRP has been shown to directly interact with two members of the VGCC family, namely Cav2.1 and Cav2.2 (Ferron et al., 2014). VGCCs are key players in neurons since they regulate membrane excitability, neurotransmitter release and gene expression modulation [START_REF] Zamponi | The physiology, pathology, and pharmacology of voltage-gated calcium channels and their future therapeutic potential[END_REF] and their altered expression at the plasma membrane leads to several conditions, namely ataxia, ID, ASD and epilepsy (Damaj et al., 2015).

Interestingly, the mRNA of Cacna1a, which encodes the pore-forming a1 subunit of the Cav2.1 P/Q type VGCC, is the second most prominent gene we found in our CLIP analysis. This protein is a presynaptic Ca 2+ channel involved in the pathophysiology of ASD and FXS that has a key role in the excitation/inhibition balance in hippocampal circuits, which is affected in the ASD phenotype [START_REF] Schmunk | Channelopathy pathogenesis in autism spectrum disorders[END_REF]. I showed that FMRP binds both the Cacna1a mRNA and its encoded protein and also that the absence of FMRP does not alter the abundance of this protein in the total cellular fraction but reduces its plasma membrane localization in cultured Fmr1-KO neurons. I also showed that the inhibition of both Cav2.1 and Cav2.2 (N-type VGCC) affects the KClmediated entry of calcium in neurons, promoting respectively a lower and a higher entry of calcium in Fmr1-KO neurons compared to WT. This suggests that the activity of both channels is deregulated when FMRP is not present. Indeed, FMRP has been already

shown to regulate N-type expression by targeting this channel to the proteasome (Ferron et al., 2014), so it is tempting to speculate that FMRP is a molecular adaptor regulating the relative plasma membrane localization of N-and P/Q-type channels. The working model I propose is illustrated in Figure 9: N-type channels (in orange) are expressed first in development and are inserted in the plasma membrane occupying most of the available "channel slots" (in grey) at the synapse (Cao and Tsien, 2010;Cao et al., 2004).

I hypothesize that upon development, and probably upon specific stimuli, FMRP could contribute to the replacement of N-by P/Q-type (in purple) VGCCs. In Fmr1-KO neurons, however, due to the lack of FMRP, this replacement could be impaired resulting in an altered plasma membrane ratio between P/Q-and N-type channels, as already shown in the case of familial hemiplegic migraine (Cao and Tsien, 2010). Moreover, the ability of FMRP to regulate the subcellular localization of its target mRNAs, and specifically that of Cav2.1, may be responsible for the actual presence of the channel at the plasma membrane [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF].

Several reports suggest that there is an altered cytoscheleton organization in different FXS cell lines (Abekhoukh and Bardoni, 2014;Abekhoukh et al., 2017;[START_REF] Davydova | Bassoon specifically controls presynaptic P/Q-type Ca(2+) channels via RIM-binding protein[END_REF] and this might explain the aberrant expression of Cav2.1 at the plasma membrane. On the other side, as already mentioned, the Ferron group proposed an implication of the proteasome (Ferron et al., 2014).

Last but not least, the impairment of calcium homeostasis, according to our results, can be considered a new cellular biomarker for cultured Fmr1-KO neurons, while to date the only available cellular biomarker for in Fmr1-KO cultured neurons is represented by the immaturity of dendritic spines [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF].

In the future I think that it will be interesting, on one side, to test the impact on Ca 2+ homeostasis of various drugs having a positive effect on the FXS phenotype; on the other side, to study calcium homeostasis in iPS-derived neurons obtained from FXS patients and compare them with control cells.

aiFACS and cell heterogeneity

By performing Ca 2+ imaging I realized that a huge heterogeneity of Ca 2+ levels is present among the different neurons. These observations led me to the question "What makes a cell look different from its neighbors?". Even if I do not think to be able to provide a complete answer for the moment, I decided to get a better insight into the study of the heterogeneity of neurons both in brain and in vitro, taking advantage of the new single cell sequencing technique available in our Institute. Thus, starting from this issue and keeping in mind the need to validate my data of Ca 2+ homeostasis already obtained in vitro in brain-derived neurons [START_REF] Castagnola | New Insights Into the Role of Cav2 Protein Family[END_REF], I set up a new technique together with Dr. Thomas Maurin and the Imaging platform of IPMC, adapting to our needs the FACS machinery. This technique, called agonist-induced Functional Analysis and Cell Sorting (aiFACS for short), allows to couple neuronal stimulation (in real time) and collection with omics or single cell sequencing analysis. aiFACS provides new information on the targeted cell population of a given pharmacological compound and on the molecular specificities that drive the heterogeneity of the cell response. By using aiFACS not only I validated my in vitro data by showing that Fmr1-KO interneurons are hypoexcitable, but after single cell analysis of dissociated WT neurons either stimulated or not by AMPA, I was capable of identifying a new cell FXS phenotype involving a previously neglected interneuron subclass. Indeed, the impaired response to AMPA seems associated with a defective function of a specific group of inhibitory cells, the Meis2 interneurons. The study of Fmr1-KO brains with aiFACS allowed me to highlight the implication of this previously underestimated subclass of interneurons in the pathophysiology of FXS. Furthermore, in the Fmr1-KO mouse brain the composition of cellular subtypes appears different from that of the WT counterpart. Altogether, my results suggest that it will be possible to create a "chemical" map of the brain in health and disease and in the future it will be interesting to apply aiFACS to other forms of ID and ASD.

Finally, it is important to stress that aiFACS is a highly versatile tool: to date, our understanding of neuron response to pharmacological stimulation has lacked high throughput methodology that strongly impacted different research and medical areas other than neuroscience, but with aiFACS fields like immunology and cancer research can also benefit of its potentiality.

Final Considerations

In conclusion, I consider my PhD work successful at different levels, since it allowed me to better detail the pathophysiology of FXS and, by extension, of ID. Indeed, I could:

1) Define and characterize PDE2A as a promising pharmacological target that represents a novel therapeutic strategy for FXS;

2) Identify calcium homeostasis deregulation as a new phenotype of cultured Fmr1-KO neurons. This phenotype can be considered a new cellular biomarker, easily manageable to screen small molecules and to robustly monitor drug efficiency. This can ultimately lead to the identification of new drugs to treat FXS;

3) Describe a new cell phenotype of FXS during post-natal development involving the deregulation of Meis2 inhibitory interneurons.

Because of the vital importance of finding new treatments for FXS, I hope to be able to further investigate the signaling pathways that are deregulated in the absence of FMRP, which would allow to gain more insight in this rare but serious disease. In addition, I strongly believe in the future application of the aiFACS technology in the study of other syndromes and disorders associated with mental retardation, as well as in the investigation of other scientific areas, like cancer research. syndromes. Transl. Psychiatry 5, e643. Schmunk, G., Nguyen, R.L., Ferguson, D.L., Kumar, K., Parker, I., and Gargus, J.J. (2017). High-throughput screen detects calcium signaling dysfunction in typical sporadic autism spectrum disorder. Sci. Rep. 7. Schulte-Merker, S., and Stainier, D.Y.R. (2014). Out with the old, in with the new: reassessing morpholino knockdowns in light of genome editing technology. Dev. Camb. Engl. 141, 3103-3104. Siomi, M.C., Siomi, H., Sauer, W.H., Srinivasan, S., Nussbaum, R.L., and Dreyfuss, G. (1995). FXR1, an autosomal homolog of the fragile X mental retardation gene. EMBO J. 14, 2401-2408. Slegtenhorst-Eegdeman, K.E., de Rooij, D.G., Verhoef-Post, M., van de Kant, H.J., Bakker, C.E., Oostra, B.A., Grootegoed, J.A., and Themmen, A.P. (1998). Macroorchidism in FMR1 knockout mice is caused by increased Sertoli cell proliferation during testicular development. Endocrinology 139, 156-162. Spencer, C.M., Alekseyenko, O., Hamilton, S.M., Thomas, A.M., Serysheva, E., Yuva-Paylor, L.A., and Paylor, R. (2011). Modifying behavioral phenotypes in Fmr1KO mice: genetic background differences reveal autistic-like responses. Autism Res. Off. J. Int. Soc. Autism Res. 4, 40-56. State, M.W., King, B.H., and Dykens, E. (1997). Mental Retardation: A Review of the Past 10 Years. Part II. J. Am. Acad. Child Adolesc. Psychiatry 36, 1664-1671. Stefani, G., Fraser, C.E., Darnell, J.C., and Darnell, R.B. (2004). Fragile X mental retardation protein is associated with translating polyribosomes in neuronal cells. J. Neurosci. Off. J. Soc. Neurosci. 24, 7272-7276. Strumbos, J.G., Brown, M.R., Kronengold, J., Polley, D.B., and Kaczmarek, L.K. ( 2010). Fragile X mental retardation protein is required for rapid experience-dependent regulation of the potassium channel Kv3.1b. J. Neurosci. Off. J. Soc. Neurosci. 30, 10263-10271. Suhl, J.A., and Warren, S.T. (2015). Single-Nucleotide Mutations in FMR1 Reveal Novel Functions and Regulatory Mechanisms of the Fragile X Syndrome Protein FMRP. J. Exp. Neurosci. 9, 35-41. Taha, M.S., Nouri, K., Milroy, L.G., Moll, J.M., Herrmann, C., Brunsveld, L., Piekorz, R.P., and Ahmadian, M.R. ( 2014). Subcellular fractionation and localization studies reveal a direct interaction of the fragile X mental retardation protein (FMRP) with nucleolin. PloS One 9, e91465. Tarjan, G. (1966). Cinderella and the prince: mental retardation and communitypsychiatry. Am. J. Psychiatry 122, 1057-1059. Tassone, F., Hagerman, R.J., Taylor, A.K., Gane, L.W., Godfrey, T.E., and Hagerman, P.J. (2000a). Elevated levels of FMR1 mRNA in carrier males: a new mechanism of involvement in the fragile-X syndrome. Am. J. Hum. Genet. 66, 6-15. Tassone, F., Hagerman, R.J., Loesch, D.Z., Lachiewicz, A., Taylor, A.K., and Hagerman, P.J. (2000b). Fragile X males with unmethylated, full mutation trinucleotide repeat expansions have elevated levels of FMR1 messenger RNA. Am. J. Med. Genet. 94, 232-236. The Dutch-Belgian Fragile X Consortium (1994). Fmr1 knockout mice: a model to study fragile X mental retardation. The Dutch-Belgian Fragile X Consortium. Cell 78, 23-33. Truszkowski, T.L.S., James, E.J., Hasan, M., Wishard, T.J., Liu, Z., Pratt, K.G., Cline, H.T., and Aizenman, C.D. (2016). Fragile X mental retardation protein knockdown in the developing Xenopus tadpole optic tectum results in enhanced feedforward inhibition and retardation protein is translated near synapses in response to neurotransmitter activation. Proc. Natl. Acad. Sci. U. S. A. 94, 5395-5400. Weiler, I.J., Spangler, C.C., Klintsova, A.Y., Grossman, A.W., Kim, S.H., Bertaina-Anglade, V., Khaliq, H., de Vries, F.E., Lambers, F.A.E., Hatia, F., et al. (2004). Fragile X mental retardation protein is necessary for neurotransmitter-activated protein translation at synapses. Proc. Natl. Acad. Sci. U. S. A. 101, 17504-17509. Willemsen, R., Levenga, J., and Oostra, B.A. (2011). CGG repeat in the FMR1 gene: size matters. Clin. Genet. 80, 214-225. Wilson, B.M., and Cox, C.L. (2007). Absence of metabotropic glutamate receptormediated plasticity in the neocortex of fragile X mice. Proc. Natl. Acad. Sci. U. S. A. 104, 2454-2459. Winslow, J.T., and Insel, T.R. ( 2004). Neuroendocrine basis of social recognition. Curr. Opin. Neurobiol. 14, 248-253. Wise, T.L. (2017). Changes in insulin-like growth factor signaling alter phenotypes in Fragile X Mice. Genes Brain Behav. 16, 241-249. Wisniewski, K.E., Segan, S.M., Miezejeski, C.M., Sersen, E.A., and Rudelli, R.D. (1991). The Fra(X) syndrome: neurological, electrophysiological, and neuropathological abnormalities. Am. J. Med. Genet. 38, 476-480. Yang, Y.-M., Arsenault, J., Bah, A., Krzeminski, M., Fekete, A., Chao, O.Y., Pacey, L.K., Wang, A., Forman-Kay, J., Hampson, D.R., et al. (2018). Identification of a molecular locus for normalizing dysregulated GABA release from interneurons in the Fragile X brain. Mol. Psychiatry 1. Zamponi, G.W., Striessnig, J., Koschak, A., and Dolphin, A.C. (2015). The Physiology, Pathology, and Pharmacology of Voltage-Gated Calcium Channels and Their Future Therapeutic Potential. Pharmacol. Rev. 67, 821-870. Zhang, Y., O'Connor, J.P., Siomi, M.C., Srinivasan, S., Dutra, A., Nussbaum, R.L., and Dreyfuss, G. (1995). The fragile X mental retardation syndrome protein interacts with novel homologs FXR1 and FXR2. EMBO J. 14, 5358-5366. Zhang, Y., Bonnan, A., Bony, G., Ferezou, I., Pietropaolo, S., Ginger, M., Sans, N., Rossier, J., Oostra, B., LeMasson, G., et al. (2014). Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1(-/y) mice. Nat. Neurosci. 17, 1701-1709. Zhao, M.-G., Toyoda, H., Ko, S.W., Ding, H.-K., Wu, L.-J., and Zhuo, M. (2005). Deficits in trace fear memory and long-term potentiation in a mouse model for fragile X syndrome. J. Neurosci. Off. J. Soc. Neurosci. 25, 7385-7392.

Fragile X Syndrome (FXS) is the most common form of intellectual disability and a primary cause of autism. It originates from the lack of the Fragile X Mental Retardation Protein (FMRP), which is an RNA-binding protein encoded by the Fragile X Mental Retardation Gene 1 (FMR1) gene. Multiple roles have been attributed to this protein, ranging from RNA transport (from the nucleus to the cytoplasm, but also along neurites) to translational control of mRNAs. Over the last 20 years many studies have found a large number of FMRP mRNA targets, but it is still not clear which are those playing a critical role in the etiology of FXS. So far, no therapy for FXS has been found, making the quest for novel targets of considerable importance. Several pharmacological approaches have been attempted, but, despite some promising preclinical results, no strategy gave successful outcomes, due either to the induction of major side effects or to the lack of improvement of the phenotypes. However, these studies suggested that, in order to measure the effectiveness of a specific treatment, trials should be redesigned and new endpoints defined in FXS patients. Nevertheless, the search for new therapeutic targets for FXS is very active. In this context, the advances in animal modeling, coupled with better understanding of neurobiology and physiopathology of FXS, are of crucial importance in developing new selected treatments. Here, we discuss the pathways that were recently linked to the physiopathology of FXS (mGluR, GABAR, insulin, Insulin-like Growth Factor 1 (IGF-1), MPP-9, serotonin, oxytocin and endocannabinoid signaling) and that suggest new approaches to find an effective therapy for this disorder. Our goal with this review article is to summarize some recent relevant findings on FXS treatment strategies in order to have a clearer view of the different pathways analyzed to date emphasizing those shared with other synaptic disorders.

INTRODUCTION Fragile X Syndrome

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability (ID) and a primary genetic cause of autism. Due to its X-linked nature, it occurs in around 1:4000 males and 1:7000 females and one in three FXS patients display Autism Spectrum Disorders (ASD). Furthermore, the syndrome is characterized by delay in development and intellectual capacity, which impairs cognitive, executive and language performance. The severity of the symptoms can be very different among patients, and some of the most common features of the disease include repetitive behaviors, hyperactivity, anxiety, mood disorders and epilepsy (Hagerman et al., 2009). At the cellular level, there are abnormalities in neuronal maturation and pruning (Bassell and Warren, 2008;[START_REF] Scotto-Lomassese | Fragile X mental retardation protein regulates new neuron differentiation in the adult olfactory bulb[END_REF]. In the brain of FXS patients as well as in FXS animal models (Fmr1-KO mouse and dFMR1-KO flies), dendritic spines have an altered morphology, and they appear longer, thinner and more tortuous than normal (Bassell and Warren, 2008). The morphological abnormalities are associated with deregulated synaptic plasticity: in mouse hippocampal mGluR dependent Long Term Depression (LTD) is increased (Huber et al., 2002), while Long Term Potentiation (LTP) is reduced in somatosensory and anterior cingulate cortex [START_REF] Desai | Early postnatal plasticity in neocortex of Fmr1 knockout mice[END_REF] as well as in amygdala [START_REF] Suvrathan | Fragile X syndrome and the amygdala[END_REF] and in the CA1 region [START_REF] Lauterborn | Brain-derived neurotrophic factor rescues synaptic plasticity in a mouse model of fragile X syndrome[END_REF][START_REF] Seese | LTP induction translocates cortactin at distant synapses in wild type but not Fmr1 knock-out mice[END_REF].

FXS arises from a mutation in a single gene called Fragile X Mental Retardation Gene 1 (FMR1). The 5 ′ UTR of FMR1 contains a CGG trinucleotide repeat that is polymorphic in the population. Once the repeats exceed 200 in number, methylation of the promoter is triggered, and this in turn causes the lack of expression of the gene and translation of its encoded protein, the Fragile X Mental Retardation Protein (FMRP; [START_REF] Bardoni | FMR1 gene and fragile X syndrome[END_REF]. FMRP is an RNA-binding protein involved in different steps of mRNA metabolism, such as translational control (in soma and dendritic spines) and RNA transport (Maurin et al., 2014).

Therapeutic Strategies for FXS

Exploration of the physiopathology of FXS as well as the search for targets of FMRP have been very active over the last 20 year. These targets include mRNAs and proteins. Most proteins interacting with FMRP are RNA-binding protein components of FMRP-containing ribonucleoproteic particles. However, interactors of FMRP are also ion channels, molecular motors and proteins involved in cytoskeleton remodeling pathways [START_REF] Menon | The C terminus of fragile X mental retardation protein interacts with the multi-domain Ran-binding protein in the microtubule-organising centre[END_REF]Bardoni et al., 2006;Davidovic et al., 2007;Abekhoukh and Bardoni, 2014;Maurin et al., 2014Maurin et al., , 2015;;Ferron, 2016;Abekhoukh et al., 2017;[START_REF] Bienkowski | The conserved, disease-associated RNA binding protein dNab2 interacts with the fragile X protein ortholog in drosophila neurons[END_REF]. This effort resulted in the identification of multiple putative targets for the treatment of FXS. However, so far no efficient therapy is available for this disorder (reviewed in Maurin et al., 2014). For instance, the imbalance between excitatory and inhibitory systems in FXS has been known for 20 years, and it has been thought to be the key target for therapy. Indeed, the first ever therapeutic strategies to be tested for FXS in clinical trials targeted the glutamatergic system (the excitatory pathway known to be up-regulated in FXS; Bear et al., 2004;[START_REF] Berry-Kravis | Mavoglurant in fragile X syndrome: results of two randomized, double-blind, placebo-controlled trials[END_REF] and the γ-aminobutyric acid (GABA) system (the inhibitory pathway also dysregulated in the disease; D' Antuono et al., 2003).

The mGluR theory regarding the pathophysiology of FXS states that the lack of FMRP hyperactivates the mGluR5mediated pathway leading to the most prominent features of FXS (Bear et al., 2004). Even if the molecular reasons of this exaggerated activation are not completely clear, many efforts have been done based on this theory in order to develop an effective strategy for both pharmacological and genetic rescue through the inhibition of the mGluR pathway (Bear et al., 2004). In the mammalian FXS animal model (Fmr1-KO mouse), the treatment with specific antagonists of the mGluR5 resulted in the rescue of cellular (dendritic spine morphology), synaptic (exaggerated LTD) and behavioral defects, but these successes were not translated to the human treatments. Indeed, no beneficial effects of mavoglurant (AFQ056, a previous mGluR5 well-characterized antagonist) were observed in a 12-weeks, double-blind study involving a large cohort of adolescent and adult FXS patients [START_REF] Bailey | Mavoglurant in adolescents with Fragile X syndrome: analysis of Clinical Global Impression-Improvement source data from a double-blind therapeutic study followed by an open-label, long-term extension study[END_REF][START_REF] Berry-Kravis | Mavoglurant in fragile X syndrome: results of two randomized, double-blind, placebo-controlled trials[END_REF]. A similar new clinical trial was performed in a cohort of 183 FXS using basimglurant, a potent and selective mGluR5-negative allosteric modulator (NAM), already administrated as a treatment of depression [START_REF] Quiroz | Efficacy and safety of basimglurant as adjunctive therapy for major depression: a randomized clinical trial[END_REF]. Again, according to the evaluation of the ADAMS score, no improvement in patients' behavior was observed [START_REF] Youssef | Effect of the mGluR5-NAM basimglurant on behavior in adolescents and adults with fragile X syndrome in a randomized, double-blind, placebo-controlled trial: fragxis phase 2 results[END_REF].

GABA is the main inhibitory neurotransmitter of the Central Nervous System (CNS). Based on an altered expression of GABA receptor subunits in the absence of FMRP (Adusei et al., 2010) and a reduced production of GABA (Davidovic et al., 2011), it has been shown that an impairment of the GABAergic system is involved in FXS [START_REF] D'hulst | The GABA A receptor: a novel target for treatment of fragile X?[END_REF][START_REF] Braat | The GABA A receptor is an FMRP target with therapeutic potential in fragile X syndrome[END_REF]. Direct administration of GABA to the patients is not possible, partly because of its poor brain penetration. Thus, to restore the normal inhibition rate of the CNS and consequently reverse some major phenotype features of the disease, investigators have tried to treat FXS patients with GABA receptor agonists. So far, compounds like Acamprosate, Ganaxolone, Arbaclofen and Riluzole have been tested, but, despite the very mild side effects and good tolerability, they have caused very limited improvements in preliminary studies [START_REF] Berry-Kravis | Effects of STX209 (arbaclofen) on neurobehavioral function in children and adults with fragile X syndrome: a randomized, controlled, phase 2 trial[END_REF]Erickson et al., 2014a,b;[START_REF] Ligsay | A randomized double-blind, placebo-controlled trial of ganaxolone in children and adolescents with fragile X syndrome[END_REF].

Besides Glutamate and GABA, other deregulated pathways have been identified in FXS. Recent pre-clinical studies revealed that modulating other signaling pathways could ameliorate FXS symptoms in the mouse model of FXS. Our goal with this review is to summarize some recent relevant findings on FXS treatment strategies, focusing on promising molecular pathways that are altered not only in FXS but also in other forms of synaptic disorders that might lead to the discovery of a future treatment for neurodevelopmental diseases. In addition to those described here, other therapeutic targets for future treatment of FXS can be considered, for example, Amyloid Precursor Protein (APP), Brain-Derived Neurotrophic Factor (BDNF), cAMP and N-methyl-D-aspartate (NMDA) receptor as illustrated in several recent reviews [START_REF] Wei | The therapeutic effect of memantine through the stimulation of synapse formation and dendritic spine maturation in autism and fragile X syndrome[END_REF][START_REF] Castrén | BDNF in fragile X syndrome[END_REF][START_REF] Androschuk | From learning to memory: what flies can tell us about intellectual disability treatment[END_REF][START_REF] Tian | 7, 8-Dihydroxyflavone induces synapse expression of AMPA GluA1 and ameliorates cognitive and spine abnormalities in a mouse model of fragile X syndrome[END_REF][START_REF] Westmark | Novel roles of amyloid-β precursor protein metabolites in fragile X syndrome and autism[END_REF].

Insulin and Insulin-Like Growth Factor 1 Pathway

Transcriptomic analysis of cultured hippocampal neurons obtained from WT and Fmr1-KO embryos showed that at the top of the list of enriched gene expression pathways was the ''Insulin signaling pathway'' [START_REF] Prilutsky | Gene expression analysis in Fmr1KO mice identifies an immunological signature in brain tissue and mGluR5-related signaling in primary neuronal cultures[END_REF]. In dFMR1-KO flies insulin signaling is altered due to an elevated expression of Drosophila insulin-like peptide 2 (Dilp2) gene in the insulin-producing cells (IPCs) of the brain. Administration of metformin, an FDA-approved anti-diabetic drug, to dFMR1-KO flies (Viollet et al., 2012), leads to an amelioration of memory defects (Monyak et al., 2017). In this context it is interesting to notice that recent studies have clearly demonstrated the improvement of different in vitro/in vivo hallmarks in Fmr1-KO mice [START_REF] Gantois | Metformin ameliorates core deficits in a mouse model of fragile X syndrome[END_REF] and in seven FXS patients [START_REF] Dy | Metformin as targeted treatment in fragile X syndrome[END_REF] using metformin treatment. The precise mechanism of action of metformin has not been deciphered yet, but it has been shown that this drug inhibits the mitochondrial respiratory-chain, specifically at the complex 1 level, without affecting any other steps of the mitochondrial machinery. This leads to a reduction in protondriven synthesis of ATP from ADP and inorganic phosphate. In addition, through AMPK-dependent and -independent regulation, metformin can lead to the inhibition of glucose production by disrupting gluconeogenesis gene expression (Viollet et al., 2012). In Fmr1-KO mice, metformin treatment inhibited the mTORC1 and ERK pathways, that resulted in the compensation of up-regulated translation, a hallmark of FXS (Maurin et al., 2014;[START_REF] Gantois | Metformin ameliorates core deficits in a mouse model of fragile X syndrome[END_REF]. Indeed, in Fmr1-null neurons an increased level of phosphorylation of the serine/treonine kinase S6K1 has been observed. S6K1 is a common target of the mTORC1 and ERK pathways that are deregulated in the absence of FMRP [START_REF] Sharma | Reciprocal regulation of AKT and MAP kinase dictates virus-host cell fusion[END_REF][START_REF] Bhattacharya | Genetic removal of p70 S6 kinase 1 corrects molecular, synaptic, and behavioral phenotypes in fragile X syndrome mice[END_REF][START_REF] Gross | Neuron-specific regulation of class I PI3K catalytic subunits and their dysfunction in brain disorders[END_REF]Gross et al., 2015a,b). It is interesting to notice here that two inhibitors of S6K1 (PF-4708671 and FS-115) were used in preclinical studies in mouse improving aberrant social interaction and behavioral inflexibility in Y-maze (for review see [START_REF] Gross | Intracellular signaling network in fragile X syndrome: approaches to drug discovery and therapeutics[END_REF]. On the other side, also reducing the activation of the ERK pathway with lovastatin (a drug that inhibits the Ras-ERK1/2 activation by interfering with Ras recruitment to the membrane) or rimonabant (see endocannabinoid pathway) resulted in an improvement of Fmr1-KO cognition [START_REF] Busquets-Garcia | Targeting the endocannabinoid system in the treatment of Fragile X syndrome[END_REF][START_REF] Osterweil | Lovastatin corrects excess protein synthesis and prevents epileptogenesis in a mouse model of Fragile X syndrome[END_REF].

Obesity is often a co-morbid issue observed in FXS patients [START_REF] Tounian | Weight loss and changes in energy metabolism in massively obese adolescents[END_REF][START_REF] Raspa | Obesity, food selectivity, and physical activity in individuals with fragile X syndrome[END_REF]. Importantly, metformin has been used to treat seven obese FXS patients who showed improved cognition, language behavior along with obesity condition [START_REF] Dy | Metformin as targeted treatment in fragile X syndrome[END_REF] proving to be an effective treatment for the FXS patients.

Insulin-like Growth Factor 1 (IGF-1) is a hormone primarily secreted by hepatocytes in response to Growth Hormone (GH) and, like insulin, promotes a decrease of glycaemia. IGF-1 promotes anabolic processes and tissue growth throughout life and it is a central factor for pathways involved in cell development and survival, proliferation and renewal. IGF-1 exerts its function by interacting with its receptor IGF receptor 1 (IGF1R; [START_REF] Costales | The therapeutic potential of insulin-like growth factor-1 in central nervous system disorders[END_REF]. In the CNS, IGF-1 plays a role in growth and development of all major CNS cell types and their synapse maturation. Imbalances in the IGF-1 pathway are associated to neuronal developmental impairment and, in particular, to ASD [START_REF] Vahdatpour | Insulin-like growth factor 1 and related compounds in the treatment of childhood-onset neurodevelopmental disorders[END_REF]. Indeed, recombinant IGF-1, as well as some related compounds, have emerged as potential therapeutics to treat neurodevelopmental disorders and, indeed, clinical trials for ASD are in progress with these molecules [START_REF] Wrigley | Insulin-like growth factor 1: at the crossroads of brain development and aging[END_REF].

In the mouse model of FXS, decreasing the levels of IGF1R corrects a number of phenotypic features [START_REF] Deacon | NNZ-2566, a novel analog of (1-3) IGF-1, as a potential therapeutic agent for fragile X syndrome[END_REF]. Trofinetide is a neurotrophic peptide derived from IGF-1 that shows a long half-life and is well tolerated. A chronic treatment of Fmr1-KO mice with trofinetide corrected learning and memory deficits, hyperactivity and social interaction deficits displayed by these animals. At the microscopic level, abnormal dendritic spine density was rescued [START_REF] Deacon | NNZ-2566, a novel analog of (1-3) IGF-1, as a potential therapeutic agent for fragile X syndrome[END_REF]. Considering this promising premise, a phase II clinical trial for trofinetide was performed and after only 28 days of treatment, improvements in higher sensory tolerance, reduced anxiety, better self-regulation and more social engagement were observed. No serious side effects were reported. Interestingly, Neuren Pharmaceuticals reported that trofinetide had significant clinical benefits in a Phase II clinical trial in 5-15 years old girls affected by Rett syndrome, another form of neurodevelopmental disorder characterized by ASD and intellectual disability [START_REF] Bedogni | Rett syndrome and the urge of novel approaches to study MeCP2 functions and mechanisms of action[END_REF] 1 .

Matrix Metalloproteinases Pathway

Matrix metalloproteinases (MMPs) are endopeptidases implicated in both physiological and pathological remodeling of tissues, and their activity is dependent on the zinc ion of their catalytic site. The MMPs family counts 25 members (22 of them found in humans), which can cleave both extracellular matrix (ECM) components and non-ECM elements. MMP-9 is a 92 kD collagenase involved in a broad spectrum of remodeling events of the ECM and plays a major proteolytic role in many cell types. Indeed, it acts during embryo implantation, cardiac tissue development and immune cell functioning [START_REF] Yabluchanskiy | Matrix Metalloproteinase-9: many shades of function in cardiovascular disease[END_REF]. In the brain, MMP-9 controls synaptic plasticity, and thus learning and memory formation (Ganguly et al., 2013;[START_REF] Knapska | Reward learning requires activity of matrix metalloproteinase-9 in the central amygdala[END_REF].

Until recently, brain disorders associated to defects in MMP-9 has been linked uniquely to its involvement in inflammatory and immune responses. Nevertheless, a hyperactivation of MMP-9 in neurons may cause a massive degradation of the ECM surrounding them that could have severe consequences on function and maturation of synapses. So far, misregulated activation of this enzyme has been implicated in a number of neurodegenerative disorders, including traumatic brain injury, multiple sclerosis and Alzheimer's disease but also in neurodevelopmental disorders (Reinhard et al., 2015).

The mRNA coding MMP-9 is a target of FMRP, which negatively modulates its expression. Indeed, in the absence of FMRP the expression levels and the activity of MMP-9 are increased. Interestingly this abnormal activity as well as the aberrant dendritic spines could be rescued by treating neuronal cultures with minocycline [START_REF] Bilousova | Minocycline promotes dendritic spine maturation and improves behavioral performance in the fragile X mouse model[END_REF]. This drug is an FDA-approved broad-spectrum antibiotic that shows two major effects: (1) it increases the phosphorylation of GluR1; (2) it promotes the membrane insertion of AMPA receptors [START_REF] Imbesi | Minocycline increases phosphorylation and membrane insertion of neuronal GluR1 receptors[END_REF]. With its action, minocycline lowers the abnormally elevated levels of MMP-9 in FXS, and, when used in vivo on Fmr1-KO mice, reduces anxiety and reverses the deficit in ultrasonic vocalizations (Rotschafer et al., 2012). Genetic reduction of MMP-9 was obtained by crossing the viable MMP-9 KO mice with Fmr1-KO mice. Double KO mice lacked the typical major symptoms of FXS observed in Fmr1-KOs [START_REF] Sidhu | Genetic removal of matrix metalloproteinase 9 rescues the symptoms of fragile X syndrome in a mouse model[END_REF].

Until now, minocycline has been shown to be successful in two different clinical trials [START_REF] Paribello | Open-label add-on treatment trial of minocycline in fragile X syndrome[END_REF][START_REF] Leigh | A randomized double-blind, placebo-controlled trial of minocycline in children and adolescents with fragile X syndrome[END_REF] and, importantly, treatment with mynocline resulted in the improvement of some event-related potentials compared with placebo [START_REF] Schneider | Electrocortical changes associated with minocycline treatment in fragile X syndrome[END_REF]. However, the presence of side effects reduces the enthusiasm for the utilization of this molecule in clinic. It is worth to note that the relevance of MMP-9 levels for the physiopathology of FXS has been recently underlined by the rescue of several FXS related behaviors after a chronic treatment of Fmr1-KO with metformin that, interestingly, resulted in the reduction of MMP-9 levels in the Fmr1-KO mouse brain [START_REF] Gantois | Metformin ameliorates core deficits in a mouse model of fragile X syndrome[END_REF].

Endocannabinoid Pathway

The endocannabinoid system (eCS) is represented by a group of neuromodulatory lipids and their receptors, notably the cannabinoid receptors 1 (CB1) and 2 (CB2). This system is present in mammalian tissues and, in particular, regulates the cardiovascular, nervous and immune systems. In the brain, the eCS is a key modulator of different neuronal aspects, including synaptic plasticity, cognition, anxiety, nociception and susceptibility to epileptic seizures [START_REF] Khan | The therapeutic aspects of the endocannabinoid system (ECS) for cancer and their development: from nature to laboratory[END_REF]. All these features also characterize the FXS patients' phenotype. Indeed, the lack of FMRP has been associated with impaired functioning of the eCB pathway in glutamatergic synapses, and this identifies the endocannabinoid signaling complex as a possible therapeutic target for FXS (Jung et al., 2012). Rimonabant, a selective antagonist of the CB1 receptor, has been the first drug targeting the eCS used to attenuate the FXS symptoms [START_REF] Busquets-Garcia | Targeting the endocannabinoid system in the treatment of Fragile X syndrome[END_REF]. This drug was first developed for the treatment of obesity, but was withdrawn from the market because of its significant psychiatric side effects, such as depression, anxiety and suicidal thoughts. Nevertheless, the adverse effects only appear in patients that were given the highest administered doses. Notably, it was shown that the treatment with very low doses of rimonabant rescues synaptic plasticity in the hippocampus of Fmr1-KO mice and also learning and memory [START_REF] Gomis-González | Possible therapeutic doses of cannabinoid type 1 receptor antagonist reverses key alterations in Fragile X syndrome mouse model[END_REF]. A new CB1 receptor neutral antagonist (NESS0327) was recently shown to have the same beneficial effects on Fmr1-KO mice behavior as rimonabant, supporting the CB1 receptor as a target to treat FXS [START_REF] Gomis-González | Possible therapeutic doses of cannabinoid type 1 receptor antagonist reverses key alterations in Fragile X syndrome mouse model[END_REF].

Deregulation of eCS could be involved in the physiopathology of ASD forms other than FXS. Indeed, 450 children born between 2006 and 2014 from mothers who, during their pregnancy, had taken valproic acid (VPA), an anti-epileptic and mood stabilizing drug showed neurobehavioral dysfunctions. This suggested that VPA plays an important role in developing ASD (Inspection Générale des Affaires Sociales (IGAS), 2016) and subsequently led to the generation of an environmental model of ASD by exposing pregnant rodents to VPA [START_REF] Williams | A male with fetal valproate syndrome and autism[END_REF][START_REF] Williams | Early intervention combined with targeted treatment promotes cognitive and behavioral improvements in young children with fragile x syndrome[END_REF]. Recently, some social deficits displayed by two VPA-induced ASD rat models have been corrected by treatment with anandamide, an endocannabinoid positively stimulating the eCS pathway (Servadio et al., 2016). These findings further confirm that the eCS may be an interesting and important target for ASD therapy by using both agonist or antagonist approaches.

Serotonin Pathway

Hyperserotonemia was the first biomarker identified in patients affected by ASD. More recently, it has been shown that the levels of the amino acid tryptophan, the precursor of serotonin, is lower than normal in autistic brains, and that a diet poor in tryptophan worsens autistic symptoms (Boccuto et al., 2013). It was shown that polymorphisms in a gene encoding a 5-HT reuptake transporter protein cause lower synaptic serotonin availability and correlate with increased aggression and destructive behaviors [START_REF] Hessl | Brief report: aggression and stereotypic behavior in males with fragile x syndrome-moderating secondary genes in a ''single gene'' disorder[END_REF]. Interestingly, decreased serotonin production was observed especially in young ASD children between 2 and 5 years of age, when the serotonin level should be at its maximal production [START_REF] Chugani | Developmental changes in brain serotonin synthesis capacity in autistic and nonautistic children[END_REF]. Animal models in which genes involved in serotonin signaling have been inactivated display altered social interaction (Muller et al., 2016). Conversely, several mouse models of ASD, such as the 15q11-13 duplication and Smith-Laemli-Opitz syndrome models, to which we can also include the Fmr1-KO mouse, display altered 5-HT signaling (Muller et al., 2016). Indeed, it was shown that the stimulation of 5-HT 7 serotonin receptors in post-synaptic compartments reverses mGluR-LTD in hippocampal slices of FXS mouse brains, suggesting that 5-HT 7 receptor agonists might be envisaged as novel therapeutic tools for FXS (Costa et al., 2012). These same authors characterized two new molecules with very high binding affinity and selectivity for 5-HT 7 receptors and ability to rescue exaggerated mGluR-LTD that might be used as novel pharmacological tools for the therapy of FXS [START_REF] Costa | Novel agonists for serotonin 5-HT 7 receptors reverse metabotropic glutamate receptor-mediated long-term depression in the hippocampus of wild-type and Fmr1 KO mice, a model of Fragile X Syndrome[END_REF].

The growing body of evidence linking ASD to abnormalities in serotonin function caused the use of the selective serotonin re-uptake inhibitors (SSRIs: citalopram, escitalopram, fluoxetine, fluvoxamine, and sertraline) to target various symptoms of the disorders. Most studies resulted in significant improvements in global functioning and in symptoms associated with anxiety and repetitive behaviors with mild side effects [START_REF] Kolevzon | Selective serotonin reuptake inhibitors in autism: a review of efficacy and tolerability[END_REF]. Due to the commonalities between ASD and FXS, low-dose sertraline was used to treat young children (12-50 months) affected by FXS. This drug, considered to be one of the most potent inhibitors of serotonin re-uptake, gave significant benefits in behavioral and cognitive features, especially in language skills [START_REF] Williams | Early intervention combined with targeted treatment promotes cognitive and behavioral improvements in young children with fragile x syndrome[END_REF]. More recently, a double-blind control trial was performed in 57 FXS patients aged between 2 years and 5 years using another serotonin re-uptake inhibitor (SSRI named Zoloft), an anti-depressant typically used in the treatment of depression, obsessive-compulsive disorder, panic disorder. Despite disappointing primary endpoint results, this treatment demonstrated a positive effect on cognition, visual reception score improving social interaction and early expressive language development (Greiss [START_REF] Hess | A randomized, double-blind, placebocontrolled trial of low-dose sertraline in young children with fragile X syndrome[END_REF], strongly suggesting serotonin re-uptake as a promising target to improve the FXS phenotype. Some selective serotonin (5-HT) re-uptake inhibitors seem to act through oxytocin release. Further, the administration of fenfluramine, a serotonergic agonist, to healthy subjects increases plasma oxytocin levels [START_REF] Marazziti | A link between oxytocin and serotonin in humans: supporting evidence from peripheral markers[END_REF]. It is interesting to note that the oxytocin signaling has been proposed as a target to treat FXS (see below). Thus, a better exploration of this cross-talk could result in new therapeutic approaches for FXS and ASD.

Oxytocin

Oxytocin is a neuropeptide that acts both as a hormone and as a neurotransmitter exerting pleiotropic effects in humans. It is well known to trigger labor, but also induces trust, empathy, and parental-infant relationships. It promotes social behavior and reduces stress and anxiety. In the last decade, it has been shown that intranasal administration of oxytocin is a potential treatment that improves social communication skills in various disorders. Some promising studies in animal models (Meyer-Lindenberg, 2008) paved the way for clinical trials focusing on the treatment of impaired social skills in a variety of conditions, including ASD and schizophrenia. Recent studies suggest that intranasal administration of oxytocin can ameliorate some symptoms of FXS, showing anxiolytic and pro-social qualities (Hall et al., 2012). Ben-Ari et al. (1989) shed light on the molecular mechanisms of the benefits of oxytocin treatment. Oxytocin plays a key role in regulating the effect of GABA on neuron activity. GABA is mostly known as an inhibitory neurotransmitter that acts on a receptor channel complex permeable to chloride anions. These anions flow through the channel according to their electrochemical gradient across the plasma membrane. It is noteworthy that the net value of this gradient changes along the development of the brain, depending on the expression of two major chloride co-transporters (KCC2 and NKCC1) that consequently modify the effects of GABA stimulation (Ben-Ari et al., 1989). A critical period for this shift occurs perinatally and the excitatory-to-inhibitory change of GABA effect is actually mediated by oxytocin receptors (Tyzio et al., 2006).

These authors further reported that the oxytocin-mediated GABA excitatory-inhibitory shift during delivery is abolished in the VPA-treated and Fmr1-KO mice, both rodent models of ASD. Consistently, blocking oxytocin signaling in naïve mothers resulted in the production of offspring with electrophysiological and behavioral autistic-like features [START_REF] Tyzio | Oxytocin-mediated GABA inhibition during delivery attenuates autism pathogenesis in rodent offspring[END_REF]. These authors also showed that during delivery, both Fmr1-KO and VPA-treated mice have elevated intracellular chloride levels in hippocampal neurons. These elevated chloride levels may explain the paradoxical effects of benzodiazapines and phenobarbital that occur through GABA modulation in patients with ASD. Interestingly, the maternal pretreatment with bumetanide, a diuretic belonging to the sulfamyl category that blocks the chloride co-transporter NKCC1, restored electrophysiological and behavioral phenotypes in the offspring [START_REF] Tyzio | Oxytocin-mediated GABA inhibition during delivery attenuates autism pathogenesis in rodent offspring[END_REF]. Very recently, the same authors performed a clinical trial and remarkably showed that bumetanide improves the core symptoms of ASD and presents a favorable benefit/risk ratio particularly at 1.0 mg twice a day [START_REF] Lemonnier | Effects of bumetanide on neurobehavioral function in children and adolescents with autism spectrum disorders[END_REF]. Collectively, these studies strongly indicate that the oxytocin pathway is involved in ASD physiopathology and that bumetanide is a promising treatment for various forms of ASD, including FXS.

CONCLUDING REMARKS

The intense efforts to unravel the physiopathology of FXS appear to have produced some relevant pharmacological targets to treat this disorder. It is interesting to underline that most of the FXS deregulated pathways have been found to be unbalanced also in other forms of ASD or ID-associated diseases. This supports the relevance of these pathways in the physiopathology of ASD and/or intellectual disability. The success of preclinical treatments in mouse, rat or fly FXS models should be considered an exceptionally important result. However, we have learned from past clinical trials that to evaluate the effectiveness of therapies in humans, the design of clinical trials as well as the definition of disease-specific endpoints are of critical importance. Indeed, even on the basis of excellent pre-clinical results, these same preclinical targets have not been translated to therapies to improve behavior and cognition of FXS patients. It is clear that the trials could benefit from the analysis of previous trials results by performing, for instance, longer treatments [START_REF] Berry-Kravis | Mavoglurant in fragile X syndrome: results of two randomized, double-blind, placebo-controlled trials[END_REF]Erickson et al., 2017). By further understanding the molecular deregulations in FXS, it should be possible to combine two (or more) drugs targeting different altered pathways, as proposed by the Willemsen laboratory [START_REF] Zeidler | The quest for targeted therapy in fragile X syndrome[END_REF], or treating patients at different ages with different targeted treatments, as we have recently proposed (Bardoni et al., 2017). The positive impact of metformin on FXS behavior troubles underlines the importance to focus on repositioning existing drugs to find new targeted treatments for FXS, as well as for other neurodevelopmental disorders. Lastly, the fact that some clinical trials worked only in small sets of patients [START_REF] Berry-Kravis | Mavoglurant in fragile X syndrome: results of two randomized, double-blind, placebo-controlled trials[END_REF], suggests the importance of stratification of FXS patients on the basis of their multiple phenotypes for ''ad hoc'' therapies.

Furthermore, according to Budimirovic et al. ( 2017), 22 double-blind controlled clinical trials in FXS have been finalized between 2008 and 2015. The accurate analysis of these studies led the authors to the conclusion that the readouts employed to evaluate the outcome of treatments were in general of moderate/poor quality (Budimirovic et al., 2017). In this context, the search for specific and easily measurable biomarkers for FXS should be encouraged. Even if efforts are in progress concerning blood-based and neurophysiological measures [START_REF] Ethridge | Reduced habituation of auditory evoked potentials indicate cortical hyper-excitability in Fragile X Syndrome[END_REF][START_REF] Ray | Finding novel distinctions between the sAPPα-mediated anabolic biochemical pathways in autism spectrum disorder and Fragile X syndrome plasma and brain tissue[END_REF][START_REF] Alolaby | Molecular biomarkers predictive of sertraline treatment response in young children with Fragile X syndrome[END_REF][START_REF] Pellerin | Platelets as a surrogate disease model of neurodevelopmental disorders: insights from Fragile X syndrome[END_REF]Wang et al., 2017), it would be interesting to develop cell-based biomarkers improving analysis of FXS iPS cell lines, while parameters analyzed so far have highlighted the great heterogeneity of these cells (for review see Khalfallah et al., 2017). Also in this case, more detailed studies could result into personalized treatments or treatments concerning subsets of patients. We can underline that only a few examples of FXS cell lines exist that can be used to investigate preclinical treatment in cellulo or screening with chemical libraries (Castets et al., 2005;Khalfallah et al., 2017). The availability of such tools could accelerate the definition of new pharmacological approaches identified by the dissection of altered pathways in FMRP-null brains. This dissection can be realized by the analysis of FMRP targets (mRNAs and proteins) and the FXS-translatome in different brain regions and/or neuron subtypes at different ages of neurodevelopment upon different conditions (e.g., stress and learning) or upon various stimuli.

All these considerations indicate that research on FXS has still some stimulating areas to investigate in order to define new treatments. In addition, the recent promising studies presented here suggest the conclusion that treatments for all FXS patients will be available in a near future and will not remain only a dream for patients' families and researchers in the field.

I

n neurons, messenger RNA (mRNA) targeting to synapses and local synthesis of synaptic proteins are tightly regulated. Indeed, dysregulation of such processes leads to structural synaptic abnormalities and consequently to neurological disorders 1 classified as synaptopathies 2 . Among them, the fragile X syndrome (FXS) is the most frequent form of inherited intellectual disablility and a leading monogenic cause of autism with the prevalence of 1:4000 males and 1:7000 females. FXS results from mutations within the FMR1 gene causing the loss of function of the RNA-binding protein FMRP. Localization studies revealed that FMRP is highly expressed in the central nervous system. FMRP binds a large subset of mRNAs in the mammalian brain and is a key component of RNA granules. These granules transport mRNA along axons and dendrites and are targeted to the base of active synapses to regulate local translation in an activity-dependent manner 3-5 . Therefore, the transport and the subsequent regulation of local translation are critical processes to brain development as they play essential roles in stabilizing and maturing synapses 3,4 . According the role of FMRP in regulating translation at synapses, the loss of FMRP function in FXS leads to a patholological hyperabundance of long thin immature dendritic protrusions called filopodia 6,7 . These structural defects result from an abnormal post-synaptic maturation and/or a failure in the synapse elimination process 8 . An increased number of immature spines associated with severe changes in synaptic transmission and plasticity as well as in social and cognitive behaviors have also been reported in Fmr1 knockout (Fmr1 -/y ) mouse models for FXS 4,9,10 .

The majority of FMRP-containing mRNA granules localizes at the base of dendritic spines 3,4 . Neuronal activation leads to the release of mRNAs from dendritic granules and their local translation at synapses (for a review, see ref. 5 ). Importantly, this activity-dependent process requires a tight spatiotemporal regulation involving many protein-protein interactions. Such a regulation is mainly governed by post-translational modifications (PTMs). Previous reports have shown that FMRP function is regulated by phosphorylation, which inhibits translation of its associated mRNAs, whereas dephosphorylation of FMRP promotes their translation 11,12 . Activation of metabotropic glutamate receptor 5 (mGlu5R) induces dephosphorylation of FMRP and its subsequent ubiquitination, which ultimately leads to FMRP degradation via the ubiquitin-proteasome pathway 13,14 . Thus, a deeper comprehension of the activity-dependent molecular mechanisms controlling FMRP is absolutely criticial to understanding the functional regulation of FMRP-mediated mRNA transport and local protein synthesis in physiological and pathological conditions, including FXS.

Sumoylation is a PTM involved in many cellular signaling pathways. It consists in the covalent enzymatic conjugation of the small ubiquitin-like modifier (SUMO) protein to specific lysine residues of substrate proteins 15,16 . The sumoylation process requires a dedicated enzymatic pathway 17-19 . SUMO paralogs (~100 amino acids; ~11 kDa) are conjugated to its substrates via the action of the E2-conjugating enzyme Ubc9. Sumoylation is a reversible process due to the activity of specific desumoylation enzymes called Sentrin-proteases (SENPs 20 ). At the molecular level, sumoylation can modulate the dynamics of multi-protein complexes by preventing protein-protein interactions and/or by providing new binding sites for novel interactors 21,22 .

Sumoylation regulates a wide range of neurodevelopmental processes 18,19,23 . For instance, our group has demonstrated the spatiotemporal regulation of the SUMO system in the developing rat brain 24 and that sumoylation is regulated by neuronal activity 25 and the activation of mGlu5R 26 . Sumoylation also influences various aspects of the neuronal function including neurotransmitter release 27,28 , spinogenesis 29,30 , and synaptic communication 31-33 .

Here, we report that FMRP is a novel sumoylation substrate in neurons. We demonstrate that FMRP sumoylation is absolutely essential to maintaining the shape of mRNA granules in dendrites and to controlling both the spine density and maturation. We identify the active SUMO sites on FMRP and show that activation of mGlu5R rapidly induces FMRP sumoylation triggering the dissociation of FMRP from dendritic RNA granules to allow for local translation. Altogether, our findings shed light on sumoylation as an essential activity-dependent mechanism that tunes spine elimination and maturation in the mammalian brain.

Results

FMRP is sumoylated in vivo. Given the critical importance of FMRP in brain development and maturation, it is of particular interest to understand the molecular mechanisms regulating FMRP function. Thus, we investigated whether FMRP is subjected to sumoylation. To this end, we performed immunoblot analyses and control assays using several commercial as well as in-house anti-FMRP and anti-SUMO1 antibodies on rodent brain homogenates (Fig. 1; Supplementary Fig. 1). We first analyzed rat brain homogenates in absence or presence of NEM (N-ethyl maleimide), which protects proteins from desumoylation during the lysis process 31 (Fig. 1a; Supplementary Fig. 1f). FMRP is detected as isoforms ranging from 70 to 90 kDa. Interestingly, we found a higher molecular weight band at ~120 kDa that was detected only in the presence of NEM (Fig. 1a, total lane). The densitometric analysis of the ratio between the sumoylated form of FMRP and the total level of FMRP in NEM-treated input lanes revealed that there is about 4% of sumoylated FMRP in all the conditions tested (Supplementary Fig. 1c). We confirmed the upper band to be the sumoylated form of FMRP by immunoprecipitation experiments with specific anti-FMRP antibodies and anti-SUMO1 immunoblot (Fig. 1b) or with the converse experiment using anti-SUMO1 immunoprecipitation and anti-FMRP immunoblot (Fig. 1c). We also validated the sumoylation of FMRP in wild-type (WT) mouse brain homogenates (Fig. 1d). Accordingly, we were also able to co-immunoprecipitate the sole SUMO-conjugating enzyme Ubc9 from mouse brain homogenates using anti-FMRP antibodies (Fig. 1e). We further validated the sumoylation of FMRP in vivo using several combinations of FMRP/SUMO1 antibodies (Supplementary Fig. 1d,e,) or in cultured neurons (Supplementary Fig. 1k-n). Immunolabeling experiments (Fig. 1f) showed that FMRP partially co-localizes with Ubc9 and SUMO1 in dendrites of mouse hippocampal neurons, providing further evidence of the interplay between FMRP and the SUMO pathway.

Sumoylation consists in the covalent binding of the SUMO moiety to a lysine residue of the consensus sequence on the substrate protein (ΨKxD/E, where Ψ is a large hydrophobic residue, K is the target lysine, x can be any residue, and D/E are aspartate or glutamate 34 ). To identify lysine residues in FMRP potentially targeted by the sumoylation system, we used SUMOprediction softwares to analyze the primary sequence of FMRP and then alignment tools to assess whether these potential sites are evolutionary conserved across species (Fig. 1g). We identified three conserved residues, two proximal (K88, K130) and one distal (K614) lysines as putative targets of the SUMO system. To validate whether these lysine residues could be sumoylated, we performed site-directed mutagenesis combined with bacterial sumoylation assays 31,35 (Fig. 1h, i). We demonstrated that FMRP sumoylation occurs at these residues (K88, K130, and K614) and showed that their mutation into arginine residues (K-to-R mutation) abolishes the sumoylation of FMRP (Fig. 1h,i). We confirmed these data using sumoylation assays in mammalian COS7 cells in which the expression of the FMRP-K88,130,614R mutant prevents the sumoylation of FMRP (Fig. 1j). Consistent with the sumoylation of FMRP in the brain and according to our FMRP-SUMO1 models, which were computed using crystal structures available for the N-terminal part of FMRP, both lysine residues (K88 and K130) are clearly exposed and accessible to sumoylation with a solvent accessible surface area (ASA) of ~70% and ~45%, respectively (Fig. 1k,l). We therefore conclude that FMRP is a SUMO substrate in vivo and that its sumoylation can occur at its N-terminal K88 and K130 and C-terminal K614 residues. 
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FMRP is essential to proper spine stabilization and maturation 3,4 .

In FXS patients, the lack of functional FMRP leads to an immature neuronal morphology with a characteristic excess of abnormally long and thin filopodia 36 . Similar morphological defects are also present in Fmr1 -/y mouse brains 37 . Thus, we hypothesized that FMRP sumoylation could be critical in maintaining the density and the maturation of dendritic spines. To address this point, we used attenuated Sindbis particles 38-40 to express either free green fluorescent protein (GFP), the WT GFP-FMRP, the N-terminal K88,130R, C-terminal K614R or nonsumoylatable K88,130,614R GFP-FMRP mutants in cultured Fmr1 -/y neurons at 17 days in vitro (17 DIV). We then analyzed and compared the morphology of dendritic spines 24 h post transduction (Fig. 2a,b). In GFP-expressing Fmr1 -/y neurons, ~60% of protrusions showed an immature phenotype (see Methods for the spine characterization; Fig. 2a,b). Conversely, the expression of either FMRP WT or the K614R GFP-FMRP mutant, which behaves as the WT, promoted spine maturation (Fig. 2a,b). In stark contrast, expressing either the N-terminal K88,130R or the non-sumoylatable K88,130,614R GFP-FMRP mutant failed to promote spine maturation (Fig. 2a,b). The excess of dendritic protrusions in neurons is a hallmark of FXS 6,7 . Interestingly, the density of the protrusions was considerably decreased upon the expression of the WT or K614R mutant form of GFP-FMRP (Fig. 2c; GFP control, 7.22 ± 0.16 protrusions per 10 μm; GFP-FMRP WT, 5.34 ± 0.13 protrusions per 10 μm; GFP-FMRP-K614R, 5.39 ± 0.13 protrusions per 10 μm), whereas expressing either the N-terminal K130R, the K88,130R GFP-FMRP mutants, or the non-sumoylatable GFP-FMRP-K88,130,614R did not affect the spine density with measured values almost identical to control neurons expressing free GFP (Fig. 2c). Furthermore, re-expressing WT GFP-FMRP in Fmr1 -/y neurons not only affected the spine number but also drastically reduced the mean length of immature spines from ~3.7 μm to <2.6 μm (Fig. 2d).

To individually assess the role of the N-terminal lysine residue, we quantified the morphological changes occuring in Fmr1 -/y neurons expressing GFP-FMRP with a single mutated lysine residue (K88R or K130R; Supplementary Fig. 2). While the expression of both mutants promoted spine maturation similarly to GFP-FMRP WT (Supplementary Fig. 2b,d), the K130R mutant failed to reduce the density of the protrusions (Supplementary Fig. 2c; GFP control, 7.22 ± 0.16 protrusions per 10 μm; WT, 5.34 ± 0.13 protrusions per 10 μm; K130R, 6.48 ± 0.15 protrusions per 10 μm) indicating that the integrity of the K130 residue is essential to maintain spine density. Altogether, the data above indicate that the integrity of both N-terminal lysine residues is critical for the regulation of spine density and maturation since the expression of the K-to-R mutant forms failed to restore the density and the maturity of dendritic spines in Fmr1 -/y neurons. Our initial findings therefore support the role of the N-terminal sumoylation of FMRP in the regulation of spine elimination and maturation events.

To start assessing the functional effect of FMRP sumoylation, we compared synaptic transmission by measuring spontaneous miniature excitatory post-synaptic currents (mEPSCs) in Fmr1 -/y neurons expressing either GFP-FMRP WT or its nonsumoylatable K88,130,614R mutant (Supplementary Fig. 3). The comparison of cumulative distributions indicated that the amplitude of mEPSCs (from 20 to 40 pA) was significantly increased in neurons expressing the mutant form of GFP-FMRP (Supplementary Fig. 3a,b). Moreover, intervals between mEPSC events (between 300 ms and 1 s) were slightly but significantly increased upon expression of GFP-FMRP-K88,130,614R when compared to GFP-FMRP WT indicating that the mEPSC frequency is decreased in mutant-expressing cells (Supplementary Fig. 3a,c). Data comparing mEPSC properties in WT and Fmr1 -/y brain slices have been described in the literature with either a decrease, an increase or no changes in their amplitudes or frequencies, depending on the brain area recorded, the age of the animals, and/or the associated genetic background 41-43 . To our knowledge, there are no available data on mEPSCs recorded from FMRP WT-expressing Fmr1 -/y cultured hippocampal neurons and the results from Supplementary fig. 3 indicate that restoring the expression of FMRP in Fmr1 -/y neurons leads to changes in basal synaptic transmission, occurring most probably via both pre-and post-synaptic modifications. Additional experiments are now needed to precisely define the associated mechanisms and to address the electrophysiological consequences of FMRP sumoylation in synaptic plasticity in vivo.

Preventing FMRP sumoylation alters the size of mRNA granules. Since FMRP is an RNA-binding protein, we also examined whether the mutation of the sumoylation sites interferes with the RNA-binding capacity of FMRP by performing cross-linking and immunoprecipitation (CLIP) assays (Fig. 2e,f). FMRP-CLIPed mRNAs from Fmr1 -/y neurons expressing either the WT or K88,130,614R forms of GFP-FMRP were analyzed by quantitative PCR to compare the abundance of some known FMRP target mRNAs (Fig. 2e). Our data showed that either forms of GFP-FMRP are able to bind target RNAs to similar extent (Fig. 2f). (20 DIV) with antibodies directed against Ubc9, FMRP (Ab#4317), SUMO1. Bar, 2 μm. Degree of co-localization (Manders' coefficient) between FMRP and Ubc9 or SUMO1. N = 3 independent primary cultures with 60 dendrites analyzed for each condition. g Sequence alignments showing the evolutionary conservation of the potential SUMO-targeted lysine residues (stars) within the consensus sumoylation sites of FMRP. h, i Bacterial sumoylation assay. Representative immunoblots of purified fractions of N-and C-terminal WT or mutated parts of His-FMRP in a recombinant bacterial system and probed with anti-FMRP (h, Ab#1C3) or (i, #17722) and anti-SUMO1 antibodies as indicated. j COS7 sumoylation assay. Immunoblots with anti-FMRP (Ab#056) antibody of full-length WT or lysine-mutated FMRP expressed in COS7 cells with mcherry-SUMO1 WT or mutated (ΔGG) to prevent its conjugation. k Original X-ray structures fitted of three human N-terminal FMRP (PDB: 4OVA in green, 4QVZ in light green, 4QW2 in dark green) shown in cartoon representation. Since preventing FMRP sumoylation with the K-to-R mutations does not affect the ability of FMRP to interact with its target RNAs, we hypothesized that FMRP sumoylation is involved in the transport of mRNAs along dendrites. To this purpose, we first examined the FMRP-containing granules along dendrites. We transfected Fmr1 -/y neurons to express either the WT or K88,130R form of GFP-FMRP and performed smFISH experiments using Stellaris probes complementary to three known FMRP mRNA targets: GFP (for GFP-FMRP), PSD-95 44 , and CaMKII mRNAs (Fig. 3a-c). Interestingly, the fluorescence of all | DOI: 10.1038/s41467-018-03222-y | www.nature.com/naturecommunications three probe sets was detectable in GFP-positive granules from secondary dendrites containing either the WT or mutant K88,130R form of GFP-FMRP (Fig. 3a-c). Together with the CLIP experiments (Fig. 2e, f), this reveals that both WT and K88,130R GFP-FMRP-containing granules can travel along dendrites, carrying their mRNA cargoes. We further characterized these mRNA granules using colocalization assays to investigate whether known components of such granules 45,46 are also present in WT and K88,130R-GFP-FMRP positive granules. As clearly depicted in Fig. 3d-g, both the WT and K88,130R GFP-FMRP granules co-localize with the ribosomal protein S6 (Fig. 3d) and the RNA-binding proteins FXR1 (Fig. 3e), Staufen 1 (Fig. 3f), and Staufen 2 (Fig. 3g), indicating that these granules contain not only some of the target mRNAs of FMRP (Fig. 3a-c) but also several described components of such dendritic mRNA granules 45,46 .
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We then measured the surface of dendritic GFP-FMRPpositive mRNA granules at different time points post transfection (Fig. 3h,i). Interestingly, the expression of the K88,130R GFP-FMRP for 48 h significantly increased the size of FMRPcontaining granules compared to the WT GFP-FMRP-positive granules (Fig. 3i; WT 48 h, 0.236 ± 0.017 μm 2 ; K88,130R 48 h, 0.305 ± 0.020 μm 2 ). The difference in granule size between the WT and the K88,130R form of GFP-FMRP was further enhanced after 72 h of transfection (Fig. 3i; WT 72 h, 0.265 ± 0.020 μm 2 ; K88,130R 72 h, 0.440 ± 0.030 μm 2 ). All these data reveal that the expression of GFP-FMRP K88,130R results in larger FMRPcontaining dendritic mRNA granules suggesting that FMRP FMRP has been reported to form homodimers via its Nterminal 1-134 domain 47 , where the sumoylatable K88 and K130 residues are localized. Thus, to assess whether the difference in granule size measured in Fig. 3i results from abnormal interaction properties of FMRP homodimers directly inside dendritic granules, we performed fluorescence lifetime imaging microscopy (FLIM) experiments on neurons co-expressing WT or K88,130R GFP-FMRP with their respective WT or K88,130R mCherrytagged constructs (Fig. 4; Supplementary Fig. 4). We observed a clear co-localization of the mCherry/GFP-FMRP constructs in dendritic granules confirming the incorporation of the proteins into granules (Fig. 4a,b). The energy transfer known as fluorescence resonance energy transfer from donor green fluorescent protein (GFP) toward the acceptor mCherry is quantified by the reduction of the donor fluorescence lifetime (Fig. 4c). We measured a significant reduction of the donor GFP-FMRP fluorescence lifetime in presence of mCherry-FMRP indicating that FMRP/FMRP interaction occurs in dendritic granules. Interestingly, we also found that this homomeric interaction is not affected by the K88,130R mutations (Fig. 4c).

Sumoylation triggers FMRP dissociation from mRNA granules. Our results so far indicate that preventing FMRP sumoylation directly impacts on the morphology of mRNA granules in dendrites (Fig. 3h,i) without altering the intrinsic FMRP/FMRP interacting properties within the granules (Fig. 4). Therefore, we investigated whether the absence of FMRP sumoylation affects the dissociation of FMRP from dendritic granules. To assess the diffusion properties of FMRP in dendritic granules, we performed live-time restricted photoconversion experiments 48 in Fmr1 -/y neurons expressing the photoswitchable WT or K88,130R Dendra2-FMRP constructs (Fig. 5a,b). Dendra2 is a green-to-red photoactivatable fluorescent protein that allows the real-time tracking of a photoconverted protein 49,50 . We measured and compared the half-times of the decrease in red photoconverted fluorescence, which corresponds to the real-time diffusion of WT and K88,130R Dendra2-FMRP out of dendritic granules (Fig. 5b-d). In basal conditions, the mean half-time of Dendra2-FMRP WT fluorescence dissociation from dendritic granules was significantly shorter than the value measured for the Dendra2-FMRP K88,130R mutant (Fig. 5d; half-time WT = 101.8 ± 4.5 s vs half-time K88,130R = 165.3 ± 12.1 s) indicating that the dissociation of WT FMRP from the granules is much faster than for the K88,130R mutant. These data strongly support the involvement of FMRP sumoylation in controlling the dissociation of the protein from dendritic mRNA granules. Activation of mGlu5R regulates FMRP-mediated mRNA transport 51,52 and also modulates its phosphorylation and ubiquitination 13,14 . Interestingly, we previously showed that activation of these receptors also evokes sumoylation in cultured neurons 26 . This prompted us to assess whether the application of the mGluR agonist DHPG triggers FMRP sumoylation in neurons (Fig. 5e). We first confirmed that the activation of mGlu5R with DHPG is effective in our neuronal cultures and evokes an intracellular calcium increase (Supplementary Fig. 5). Then, FMRP-immunoprecipitates were probed with specific anti-SUMO1 antibodies and revealed that the sumoylation of FMRP is low in basal unstimulated conditions but rapidly increases after 1 and 5 min of DHPG treatment (DHPG 1 min, 1.28 ± 0.12 fold/ control; DHPG 5 min, 1.73 ± 0.2 fold/control; Fig. 5e) indicating that FMRP sumoylation is rapidly triggered by the mGlu5R activation.

These results led us to hypothesize that the activity-dependent sumoylation of FMRP controls FMRP dissociation from dendritic mRNA granules. To address this point, we pharmacologically stimulated mGlu5R in Fmr1 -/y neurons expressing either Dendra2-FMRP WT or K88,130R and measured the dissociation properties of FMRP from dendritic granules using the photoconversion assay (Fig. 5f,g). Interestingly, mGlu5R stimulation enhanced the exit rate of the red photoconverted Dendra2-FMRP WT fluorescence from granules by ~40% (Fig. 5f). By contrast, mGlu5R activation had no effect on the dissociation of Dendra2-FMRP-K88,130R positive granules (Fig. 5g). These findings strongly support that the mGlu5R-dependent sumoylation of FMRP regulates the dissociation of FMRP from dendritic mRNA granules.

Sumoylation regulates homomeric FMRP-FMRP interaction.

Our data demonstrate that FMRP sumoylation controls FMRP release from dendritic granules. To further assess the role of sumoylation in the regulation of FMRP-FMRP interaction, we combined pull-down assays with in vitro SUMO reactions and analyzed the impact of sumoylation on the dissociation of FMRP homomers (Fig. 6).

We purified GST-and His-tagged FMRP (1-160 aa) fusion proteins and found that GST-FMRP (1-160) specifically interacts with His-FMRP (1-160 aa) and forms N-terminal FMRP homodimers in vitro (Fig. 6a). We then performed an in vitro sumoylation assay 31 on purified FMRP (1-160 aa) dimers to assess whether sumoylation promotes their dissociation (Fig. 6b-d). First, we verified that the immobilization of GST-FMRP (1-160 aa) on the glutathione matrix did not prevent the in vitro sumoylation of the protein (Fig. 6c). Incubation of immobilized GST-FMRP (1-160 aa) with the sumoylation reaction mix gave rise to higher molecular weight bands corresponding to the sumoylated forms of GST-FMRP (1-160 aa). These bands were absent in control conditions (Fig. 6c).

Next, we performed in vitro sumoylation assays on immobilized GST-FMRP-His-FMRP dimers (Fig. 6d). The pool of His-FMRP (1-160 aa) released by sumoylation was separated from the remaining immobilized dimers by centrifugation of the glutathion beads. Proteins either in the supernatant or bound to the beads were both analyzed by immunoblotting with anti-FMRP antibodies. As seen in Fig. 6d, the release of His-FMRP (1-160 aa) from the immobilized dimers was only promoted upon sumoylation with the concurrent decrease of the remaining His-FMRP (1-160 aa) in the pelleted FMRP fraction. This particular set of data demonstrates that sumoylation promotes the dissociation of FMRP-FMRP dimers.

SUMO-deficient FMRP-expressing WT neurons show FXS phenotype. Collectively, our data clearly demonstrate that sumoylation of the N-terminal part of FMRP is essential to allow for the dissociation of the protein from dendritic mRNA granules and to promote spine elimination and maturation. To confirm the key involvement of FMRP sumoylation in neuronal maturation events, we hypothesized that the expression of the nonsumoylatable FMRP mutant could reverse the spine density and maturation of WT neurons. Thus, we expressed either the WT or the K88,130R mutant form of GFP-FMRP into WT mouse neurons (Fig. 7). WT neurons expressing GFP-FMRP-K88,130R resembled the GFP-expressing Fmr1 -/y neurons (Fig. 2) with >67% of protrusions characterized by an immature phenotype (Fig. 7a,b). Similarly, the length of dendritic spines in WT neurons expressing GFP-FMRP-K88,130R was also significantly increased (Fig. 7c; K88,130R, 3.77 ± 0.08 μm) comparable to the values measured in Fmr1 -/y neurons (Fig. 2d).

Importantly, the density of dendritic spines was dramatically increased upon the expression of the K88,130R mutant (Fig. 7a,d; GFP control, 5.03 ± 0.17 protrusions per 10 μm; K88,130R, 6.33 ± 0.24 protrusions per 10 μm), comparable to the values obtained in Fmr1 -/y neurons (Fig. 2c). Interestingly, the expression of the single K130R mutant in WT mouse neurons also leads to a significant increase in the density of the protrusions (Fig. 7a,d; GFP control, 5.03 ± 0.17 protrusions per 10 μm; K130R, 6.29 ± 0.41 protrusions per 10μm) without altering the maturity of dendritic spines (Fig. 7b,c). As expected, expressing the WT form of GFP-FMRP in WT neurons did not affect any of the spine characteristics confirming the essential role of FMRP sumoylation in spine elimination and maturation processes.

Discussion

Here, we report for the first time that FMRP is a sumoylation target in vivo. We identify three sumoylatable residues, two of which lay within the N-terminal domain of FMRP and are the active SUMO sites. We further find that the activation of metabotropic mGlu5R promotes the sumoylation of FMRP and rapidly leads to the dissociation of FMRP from dendritic mRNA granules allowing for the regulation of spine elimination and maturation (Fig. 8). Thus, our work uncovers a novel activity- dependent role of sumoylation in the regulation of FMRP neuronal function.

We provide the first evidence that FMRP sumoylation is required for spine elimination and proper maturation. The initial step of spine formation is the emergence of immature long thin protrusions, which are later on eliminated or matured with enlargement of spine head 8 . A tight balance between these processes is thus required for the development of a functional neuronal network. This is in line with our data showing a decrease in the density of protrusions when expressing FMRP in Fmr1 -/y neurons, and an increased density in WT neurons expressing the SUMO-deficient form of FMRP. Such compensatory and deleterious effects support the idea that immature spines are overproduced and/or less efficiently eliminated when FMRP sumoylation is perturbed.

In correlation with our findings, the role of sumoylation at the post-synaptic compartment has already been described for several proteins 19 . For instance, sumoylation of the scaffolding calcium/ calmodulin-dependent serine protein kinase (CASK) reduces CASK interaction with protein 4.1, a protein that connects spectrin to the actin cytoskeleton in dendritic spines. Mimicking CASK sumoylation dramatically impairs spine formation 53 . According to the importance of sumoylation in the post-synaptic formation and maturation, our findings demonstrate a role of sumoylation in spine elimination and maturation by tuning FMRP dimerization within dendritic mRNA granules. Altogether, these data shed light on the role of sumoylation as a critical molecular regulator in neuronal development and maturation.

Interestingly, we demonstrate that the sumoylation of FMRP is triggered upon mGlu5R activation. mGlu5R has been previously reported to differentially regulate FMRP function depending on its subcellular localization. For instance, a direct involvement of FMRP was shown in targeting and transport of several mRNAs from the soma along dendrites upon mGlu5R activation 52 . Furthermore, the repression of mRNA translation exerted by FMRP in dendrites is counteracted by the activation of mGlu5R 51 . Here, we unravel a novel activity-dependent regulation of the FMRP function. We show that mGlu5R-induced sumoylation of FMRP drives its own dissociation from dendritic mRNA granules to regulate both spine elimination and maturation.

It has been previously described that FMRP is a target of mGluR-dependent PTMs 11,13,14,54,55 . Activation of mGluRs in neurons induces a rapid dephosphorylation of FMRP C-terminal region as a result of an enhanced protein phosphatase 2A (PP2A) activity 11 . Conversely, mGluR activation that lasts longer than 5 min results in an mTOR-mediated PP2A suppression followed by rapid rephosphorylation of FMRP C-terminus by the ribosomal protein S6 kinase (S6K1) 11,55 . Accordingly to the role of phosphorylation in controlling FMRP function, the lack of S6K1dependent FMRP phosphorylation mimics FMRP loss of function and leads to an increased expression of the FMRP target mRNA SAPAP3 55 . In addition, Nalavadi et al. 14 described a rapid ubiquitination of the C-terminal part of FMRP upon stimulation with the mGlu5R agonist DHPG in rat cultured neurons. FMRP ubiquitination promotes a proteasome-mediated FMRP degradation, which in turn controls FMRP levels at the synapse. Interestingly, these authors showed that FMRP ubiquitination requires a prior FMRP-dephosphorylation carried by PP2A. Taken together, these pieces of evidence suggest a crosstalk between various PTMs in the regulation of FMRP function. Here, we demonstrate that mGlu5R activation triggers a rapid sumoylation of FMRP. This event promotes the release of FMRP from transport mRNA granules. Thus, the present study adds another level of complexity to the post-translational regulation of FMRP and advances our understanding of the activity-dependent control of FMRP function in neurons. It will therefore be of future interest to examine whether the interplay between these PTMs could take place to orchestrate the mGlu5R-dependent regulation of FMRP.

The present study shows that the activation of mGlu5R directly promotes FMRP sumoylation, regulating its neuronal function in spine elimination and maturation. Our work therefore raises the intriguing possibility that the impairment of FMRP sumoylation could contribute to FXS physiopathology. Recent publications have reported missense point mutations within the FMR1 gene in patients affected by FXS. Importantly, these mutations lead to amino-acid changes close to the SUMO active sites of FMRP (F126S 56 and R138Q 57 ). Similarly to our data on the K88,130R FMRP mutant, the FXS R138Q mutation does not modify the expression of FMRP nor its RNA-binding properties, indicating that the pathogenicity is caused independently of the FMRP expression level and the ability of FMRP to bind mRNAs 58 .T o date, no data have been reported regarding the functional impairment due to the F126S mutation. Our data report that the reintroduction of the FMRP WT but not the K88,130R mutant in Fmr1 -/y neurons promotes spine maturation and elimination demonstrating that FMRP sumoylation is critical for these processes. Therefore, an interesting possible explanation could be that the F126S and R138Q FXS mutations, which are very close to the active K130-SUMO site, would directly impact on the mGlu5R-dependent regulation of FMRP sumoylation and consequently, on post-synaptic FMRP-driven regulatory events. Future work will have to be performed aiming at understanding the effect of these FXS mutations on FMRP sumoylation. These next exciting steps will allow assessing whether FMRP sumoylation defects participate in the pathophysiology of FXS patients, raising the possibility to identify new targets and potentially develop novel therapeutic approaches.

Methods

Constructs. GFP-FMRP was obtained by subcloning the isoform 1 of the human FMR1 sequence into the EcoR1/Pst1 site of the mammalian expression vector pEGFP-C2 (Clontech). GFP-/Dendra2-/GST-/His-FMRP mutant constructs were all made by site-directed mutagenesis using the Quick-change mutagenesis solution (Agilent). pSinRep5 constructs used to produce Sindbis particles were generated using the Gateway recombination technology (Invitrogen). All constructs were then entirely sequenced.

Building model for FMRP-SUMO1. Three X-ray structures of human FMRP are available in Protein Data Bank (PDB, http://www.rcsb.org; PDB ID: 4OVA residues 1-209 at 3.0 Å resolution 59 , 4QVZ residues 1-213 at 3.2 Å resolution, and 4QW2 residues 1-213 with the mutation R138Q at 3.0 Å resolution 60 ). The solvent ASA values for each residue have been calculated using Naccess tool 61 on all monomers of each PDB files (4 for 4OVA, 2 for 4QVZ, and 2 for 4QW2). We calculated the average values for K88 and K130 for each structure. The classical parameters used are 1.4 for the radius of the "solvent" sphere and 25% for the threshold that determines if a residue is considered as buried or exposed. We utilized the X-ray structures of human FMRP PDB ID: 4OVA residues 1-209 at 3.0 Å resolution 59 and of human SUMO1 PDB ID: 4WJQ at 1.35 Å resolution 62 . To build models of FMRP modified with the SUMO1 protein, we first verified the shape compatibility and then used the Pymol software to manipulate the structures, make and visualize the FMRP-SUMO1 models.

Mouse lines and rat strain. All animals (3-10-month-old pregnant female Wistar rats from Janvier, St Berthevin, France; 3-10 month-old female C57BL/6 WT and Fmr1 knockout (Fmr1 -/y ) mice 10 ) were handled in our facility in accordance with the European Council Guidelines for the Care and Use of Laboratory animals and approved by the Animal Care and Ethics Committee (Comité Institutionnel d'Ethique Pour l'Animal de Laboratoire N°28, Nice, France; project reference NCE/ 2012-63). All animals had free access to water and food. The light cycle was controlled as 12 h light and dark cycle and the temperature was maintained at 23 ± 1 °C. Protocols to prepare primary neuronal cultures from mouse embryos at E15.5 or at E18 for rats were also approved by the Animal Care and Ethics Committee (Comité Institutionnel d'Ethique Pour l'Animal de Laboratoire N°28, Nice, France; project reference NCE/2012-63). All mice were maintained on a C57BL/6 genetic background, whereas Wistar rats were exclusively from a commercial source (Janvier). The Fmr1 knockout (Fmr1 -/y ) mouse line 10 was maintained on a C57BL/ 6 background. Mouse and rat brain lysate preparation. Brain lysates were prepared as previously described 26 from post-natal P1-3 mouse or P5-7 rat brains. Briefly, freshly dissected brains were transfered in 5 volumes (w/v) of ice-cold sucrose buffer (10 mM Tris-HCl, pH 7.4, 0.32 M sucrose) supplemented with a protease inhibitor cocktail (Sigma, 1/100), Pefabloc 0.5 mM (Roche), MG132 100 μm (Enzo), ALLN 100 μm (Sigma), and 20 mM freshly prepared NEM (Sigma), and homogenized at 4 °C using a Teflon-glass potter and a motor-driven pestle at 500 rpm. Nuclear fraction and cell debris were pelleted by centrifugation at 1000×g for 10 min. The post-nuclear S1 fraction (supernatant) was collected and protein concentration measured using the BCA protein assay (Bio-Rad).

Primary neuronal cultures. Hippocampal and cortical neurons were prepared from embryonic (E18) pregnant Wistar rats as previously described 26 or from WT or Fmr1 -/y E15.5 pregnant C57BL/6 mice. Briefly, neurons were plated in Neurobasal medium (Invitrogen, France) supplemented with 2% B27 (Invitrogen), 0.5 mM glutamine and penicillin/streptomycin (Ozyme) on 60-mm dishes or 24-mm glass coverslips (VWR) pre-coated with poly-L-lysine (0.5 mg mL -1 ; Sigma). Neurons (800,000 cells per 60-mm dish or 110,000 cells per coverslip) were then fed once a week with neurobasal medium supplemented with 2% B27 and penicillin/streptomycin for a maximum of 3 weeks.

Cell transfection. COS7 cells and primary neurons (14-16 DIV) were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and used 48-72 h post transfection.

Sindbis virus production and neuronal transduction. Attenuated Sindbis viral particles (SINrep(nsP2S726)) were prepared and used as previously described 38-40 . Briefly, cRNAs were generated from the pSinRep5 plasmid containing the sequence coding for WT or mutated GFP-FMRP constructs and from the defective helper (pDH-BB) plasmid using the Mmessage Mmachine SP6 solution (Ambion). cRNAs were then mixed and electroporated into BHK21 cells. Pseudovirions present in the culture medium were collected 48 h after electroporation and concentrated using ultracentrifugation on SW41Ti. Aliquots of resuspended Sindbis particles were then stored at -80 °C until use. Neurons were transduced at a multiplicity of infection (MOI) of 0.1-2 and returned to the incubator at 37 °C under 5% CO 2 for 24-30 h depending on their subsequent utilization.

Bacterial sumoylation assay in Escherichia coli. Bacterial sumoylation assays were performed as previously described 31,35 . Briefly, competent E. coli BL21(DE3) cells (Invitrogen, France) expressing pE1-E2SUMO1 were transformed with 1 μgof pET-expression plasmid (Novagen) to express the WT or non-sumoylatable forms of His-tagged FMRP were selected on LB-Agar plates containing chloramphenicol (50 μgmL -1 ) and ampicillin (50 μgmL -1 ). A 10 mL preculture was then used to inoculate 50 mL of LB containing chloramphenicol and ampicillin. After incubation under shaking at 37 °C until OD 600 reaches 0.7, cells were cooled down to 20 °C and isopropyl-β-D-thiogalactopyranoside (IPTG) was added at a concentration of 1 mM. After 4 h at 20 °C, bacteria were pelleted by centrifugation at 4 °C at 7000×g and kept at -80 °C until use. Pellets were resuspended in 1 mL lysis buffer (25 mM Tris pH 8, 300 mM KCl, 1 mM EDTA, 20% glycerol, 5% ethanol, 0.5% NP40, 0.5 M urea, 1 mM DTT) supplemented with proteases inhibitors (leupeptine 1 μgmL -1 , Pepstatine 1 μgmL -1 , Aprotinine 1 μgmL -1 , Pefabloc 0.5 mM, and freshly prepared NEM 20 mM), and incubated under rotation for 30 min at 4 °C in the presence of 5 mg mL -1 lysozyme. Bacterial cytoplasmic membranes were then solubilised by addition of 1 mg mL -1 sodium deoxycholate and released DNA digested by incubation with 50 μgmL -1 of DNAse I and 10 mM MgCl 2 for 30 min at 4 °C. Cellular debris were pelleted by centrifugation at 20,000×g for 15 min at 4 °C and supernatants were incubated with 40 μL of nickel agarose beads (Qiagen) for 2 h at 4 °C under gentle rotation. After three washes (25 mM Tris pH 8, 50 mM KCl, 1 mM EDTA, 20% glycerol, 0.1% Triton X-100, 0.5 M urea, 1 mM DTT), purified proteins were eluted in 200 μLo fβME-reducing sample buffer for 5 min at 95 °C.

COS7 sumoylation assay. Mycoplasm-free COS7 cells (ATCC reference CRL-1651, Molsheim, France) at 60% of confluence in six-well plates were cotransfected using 1 μg of the eukaryotic expression vector pTL1-FMRP plasmid 63 or its derived non-sumoylatable mutants with 0.5 μg of mCherry or mCherry-SUMO1 plasmids 26 and 0.5 μg of plasmid coding for Flag-Ubc9 using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 48 h of expression, cells were washed once in PBS containing 20 mM NEM and reduced for 5 min at 95 °C in βME-containing sample buffer.

CLIP analysis. To isolate neuronal mRNAs associated with WT and SUMOdeficient GFP-FMRP mutant, UV cross-linking, and FMRP immunoprecipitations were performed on 20 DIV Fmr1 -/y neurons transduced (MOI of 3) at day 19 to express free GFP, the WT, or the non-sumoylatable K88,130,614R form of GFP-FMRP. RNAs and proteins were cross-linked through three rounds of UV irradiation (400 mJ each; 254 nm). Cells were then scraped in ice-cold PBS, collected by centrifugation, and lysed in NP40 buffer as described in ref. 64 . For each assay, 5 μgo fa f finity-purified rabbit anti-FMRP antibody (Ab#056) was used to immunoprecipitate 1 mg of neuronal extracts and 2% of the lysate was used for assessment of relative RNA expression in the input material. IPs were then carried out at 4 °C for 4 h and 2% of the homogenate and 10% of the immunoprecipitates were saved to check for the IP quality using anti-FMRP immunoblots. After three washes in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% NP40, 10 mM EDTA, 1 mM NaF, 0.5 mM DTT, protease and phosphatase inhibitors (Pierce), proteins were digested with proteinase K (1 μgmL -1 ) for 30 min at 56 °C. IP and input RNAs were purified through two successive rounds of phenol/chloroform extraction, then reverse transcribed using a mix of Oligo dT and random primers and Superscript II enzyme (Invitrogen) according to the manufacturer's protocol. RT reactions were diluted two times and 1 μL of diluted material was used for qPCR analysis. Relative enrichment of the amplified RNA in the IP vs the input in each condition was calculated with the 2 -deltaCt (Ct IP -Ct input ).

Oligonucleotides (5′-3′) used in RNA work were as follows: Fmr1_F: GAACAAAAGACAGCATCGCT; Fmr1_R: CCAATTTGTCGCAACTGCTC; Camk2a_F: TATCCGCATCACTCAGTAC; Camk2a_R: GAAGTGGACGATCTGCCATTT; Sapap3_F: ACCATGTAACCCCGGCTG; Sapap3_R: CCTTGATGTCAGGATCCCC; Fxr1_F: GTGCAGGGTCCCGAGGT; Fxr1_R: GGTGGTGGTAATCGGACTTC; Kif3c_F: GGTCCCATCCCAGATACAGA; Kif3c_R: CCAGAAAGCTGTCAAACCTC; Tubb3_F: CGAGACCTACTGCATCGACA; Tubb3_R: CATTGAGCTGACCAGGGAAT; PP2a_F: GTCAAGAGCCTCTGCGAGAA; PP2a_R: GCCCATGTACATCTCCACAC; β-actin_F: ACGGCCAGGTCATCACTATTG; β-actin_R: CACAGGATTCCATACCCAAGA; PSD95_F: GGCGGAGAGGAACTTGTCC; PSD95_R: AGAATTGGCCTTGAGGGAGGA; Map1b_F: TCCGATCGTGGGACACAAACCTG; Map1b_R: AGCACCAGCAGTTTATGGCGGG.

Immunoprecipitation. Proteins from rodent brain lysates or cultured neurons were solubilized for 1 h at 4 °C under gentle rotation in lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) supplemented with a protease inhibitor cocktail (Sigma, 1/100), Pefabloc 0.5 mM (Roche), MG132 100 μm (Enzo), ALLN 100 μm (Sigma), and 20 mM freshly prepared NEM (Sigma). Then, NaCl concentration was raised to 400 mM and lysates were sonicated for 10 s, further incubated for 30 min at 4 °C and clarified (for primary neuronal extracts) or not (for brain homogenates) at 20,000×g at 4 °C for 15 min. Supernatants were diluted 2.5-fold with lysis buffer devoid of NaCl and pre-cleared for 1 h with a 50/50 mix of untreated and pre-blocked protein Gsepharose beads (Sigma) with a blocking buffer (PBS containing 5 mg mL -1 BSA, 5mgmL -1 Dextran (40 kDa), 1 mg mL -1 gelatin, yeast t-RNA 0.1 mg mL -1 , and glycogen 0.1 mg mL -1 ) for 1 h at 4 °C. Proteins (800 μg) from pre-cleared lysates were incubated with either 8 μg of mouse monoclonal anti-SUMO1 antibody (Ab#D11, Santa-Cruz), 4 μg of custom rabbit anti-FMRP (Ab#056, Supplementary Fig. 1), or 12 μg commercially available rabbit anti-FMRP (#Ab17722, Abcam; Supplementary Fig. 1) antibodies (or their corresponding IgGs as IP control) for 1 h at 4 °C and then overnight at 4 °C with 30 μL of pre-blocked protein G-sepharose beads (Sigma). Precipitates were washed three times with 1 mL lysis buffer and proteins were eluted by boiling the beads 5 min in βME-reducing sample buffer before SDS-PAGE.

Immunoblotting. Protein extracts were resolved by SDS-PAGE, transferred onto nitrocellulose membrane (Hybond-C Extra, Amersham or BioTraceNT, PALL), immunoblotted with the indicated concentration of primary antibodies and revealed using the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (GE healthcare) or True Blot (Rockland, Tebu-Bio). Proteins were then identified using Immobilon Western (Millipore) or Western Lightning Ultra (Perkin Helmer) chemiluminescent solutions and images acquired on a Fusion FX7 system (Vilber Lourmat). Full-size blots for cropped gels can be found in Supplementary figures 6, 7.

Immunocytochemistry. Neurons (18)(19)(20)(21) were fixed in phosphate-buffered saline (PBS) containing 3.7% formaldehyde and 5% sucrose for 1 h at room temperature (RT). Neurons were then permeabilized for 20 min in PBS containing 0.1% Triton X-100 and 10% horse serum (HS) at RT and immunostained with either a rabbit monoclonal anti-S6 (1/200; Cell Signaling), a goat anti-Staufen1 (1/ 100; Santa-Cruz), a goat anti-Staufen2 (1/100; Santa-Cruz), a rabbit anti-FXR1 (1/ 100 65 ), a mouse monoclonal anti-Ubc9 (1/50; BD Bioscience, France), a mouse anti-SUMO1 (1/50; Ab#D11, Santa-Cruz; 1/50 Ab#2F5-1, DSHB) or rabbit anti-FMRP (1/200; Custom Ab#056 or 1/50; Ab#4317s, Cell Signaling) antibodies in PBS containing 0.05% Triton X-100 and 5% HS. Cells were washed three times in PBS and incubated with the appropriate secondary antibodies (1/400) conjugated to Alexa488 or Alexa594, and mounted with Mowiol (Sigma) until confocal examination.

Ratiometric calcium imaging. Mouse cortical/hippocampal neurons (19)(20)(21)(22)(23) were loaded in neurobasal containing 20 μm Fura-2AM (Invitrogen) for 30 min. After two washes in physiological 1. | DOI: 10.1038/s41467-018-03222-y | www.nature.com/naturecommunications KCl, 10 mM HEPES), Fura-2AM-loaded neurons were imaged at 37 °C on an inverted AxioObserver microscope (Carl Zeiss) equipped with a 300 W Xenon lamp (Suttler instruments) and a Fluar 40× (numerical aperture (NA) 1.4) oil immersion objective. Fura-2AM was sequentially excited at 340 and 380 nm and the emission monitored at 510 nm. Images were acquired with a cascade 512 EMCCD camera every 2 s and digitized using Metafluor software (Roper scientific). The intracellular calcium concentration was estimated by measuring the F340/380 nm ratio of fluorescence. Neurons were treated for 40 s with 100 μM DHPG in 1.6 mM calcium-containing buffer.

GFP-FMRP-associated granules analysis. Fmr1 -/y neurons were co-transfected to express mCherry with the WT or the non-sumoylatable mutant form of GFP-FMRP either for 48 or 72 h. Cells were then rinse twice in PBS and fixed in PBS containing 3.7% formaldehyde and 5% sucrose for 1 h at RT and mounted with Mowiol until use.

smFISH assays. smFISH assays were performed as described previously in ref. 44 .

Analysis of spine morphology. Fmr1 -/y or WT neurons were transduced at 18 DIV with Sindbis virus (MOI of 1) expressing free GFP, the WT or mutated forms of GFP-FMRP for either 24 h (Fmr1 -/y neurons), or 30 h (WT neurons) before use.

Cells were then fixed using PBS containing 3.7% formaldehyde and 5% sucrose for 1 h at RT and mounted in Mowiol before confocal examination.

Confocal imaging. For fixed cells, confocal images (1024 × 1024) were acquired with a ×63 oil immersion lens (numerical aperture NA 1.4) on an inverted TCS-SP5 confocal microscope (Leica Microsystems, Nanterre, France). Z-series of 6-8 images of randomly selected secondary dendrites were compressed into two dimensions using the maximum projection of the LASAF acquisition software (Leica). Manders' co-localization parameters were computed using the JaCoP plugin from the ImageJ software 66 when required.

For GFP-FMRP-containing granule measurements, two Z-series were acquired. The first was acquired at low laser intensity to clearly identify large granules without any pixel saturation and the second series was recorded at a higher laser intensity to detect smaller granules. These two Z-series were then averaged and compressed into two dimensions by a maximal projection. Measurements of the surface of GFP-FMRP-containing granules along dendrites were determined automatically using an home-made ImageJ macro program. Briefly, granules and dendrites were segmented in each image, and the length of the denditric tree was measured after a step of skeletonization. The data were then imported in GraphPad Prism software for statistical analysis.

For dendritic spine imaging, Z-series of six to eight images of secondary dendrites from GFP-expressing neurons were compressed into two dimensions by a maximal projection using the LASAF software. About 3000-4500 spines were analyzed per condition (two to four dendrites per neuron and from 20 to 30 neurons per condition from four independent experiments, which were done blind for two of them). At the time of acquisition, laser power was adjusted so that all spines were below the saturation threshold. To analyze dendritic protrusions, projection images were imported into NeuronStudio software 67 , which allows for the automated detection of immature and mature dendritic spines. The length of individual spines was automatically measured and data were imported in GraphPad Prism software for statistical analysis. Mature spines were characterized by a head diameter ranging from 0.3 to 1 µm and a spine length between 0.4 and 3 µm. Immature spines corresponded to protrusions with a head diameter below 0.3 µm and a spine length ranging from 0.5 to 6 µm.

Fluorescence lifetime imaging experiments. Fmr1 -/y neurons co-expressing mCherry with the WT or the non-sumoylatable mutant form of GFP-FMRP for 72 h were fixed in PBS containing 3.7% formaldehyde and 5% sucrose for 1 h at RT and mounted using Mowiol. FLIM was then performed on a Nikon A1R confocal laser-scanning microscope equipped with time-correlated single-photon counting electronics (PicoHarp 300; PicoQuant). Excitation was obtained using a pulsed laser LDH-D-C-485 (PicoQuant) at a repetition rate of 40 MHz allowing the acquisition of the full intensity decay. Fluorescence emission was collected by a hybrid photomultiplier detector (PicoQuant) through a 60 × λS, NA 1.4, oil objective (Nikon Instruments) and band-pass filter (520/35). The following parameters were kept constant for all acquisition: pixel size (70 nm, 512 × 512), pixel dwell time (4.8 µs), and acquisition time (5 min per image). So as to limit pile-up and to accumulate enough photons within the 5 min acquisition time, laser excitation power was adjusted to obtain a count rate between 0.4 and 2 MHz 68 . In these conditions, there was no measurable photobleaching. Each field of view was also acquired in conventional confocal mode. EGFP and mCherry channels were, respectively, acquired using the 488-nm excitation with the 525/50-nm band-pass detection and the 561-nm excitation with the 595/50-nm band-pass detection.

Fluorescence lifetime was measured by fitting the intensity decays with a monoexponential decay model reconvolved with experimental IRF (instrument response function) using the software SymPhoTime (PicoQuant). Intensity decays were fitted pixel by pixel to provide FLIM images and calculated lifetimes represented using a pseudo-color scale ranging from 1.7 to 2.2 ns. To improve robustness of the fit, IRF parameters were fixed as the IRF is expected to be invariant over the acquisition field. The robustness of the fit was assessed by the calculated standard weighted least square (X 2 ) and the residual 69 . Values of the reduced X 2 should be close to 1 and residue should be randomly distributed around zero. The average lifetime of the FLIM image (Tau, ns) was determined from the barycentre of the frequency histogram associated with the FLIM image. To calculate the fluorescence lifetime of individual granules, the intensity decay resulting from all the photons of the granule was fitted using a monoexponential model reconvolved with IRF.

To get enough photons at each pixel for an accurate intensity decay fit, only granules with >10,000 photons (integrated number of photons over the decay) were analyzed, with a minimum pixel threshold of 500 counts for background rejection. To reach 10,000 photons per granules and to reject granules, which were largely out of focus, only granules >0.35 µm 2 were analyzed (segmentation using ImageJ). To avoid pulse pile-up and to collect photons fast enough to meet the above criteria, count rate was kept between 0.4 and 4 MHz. Clusters with higher count rate were excluded from the analysis. In those conditions, the fluorescent lifetime was invariant.

Dendra2-FMRP-containing granule photoconversion experiments. Experiments were performed as previously described 26,48 . Briefly, live Fmr1 -/y neurons expressing the WT or mutated Dendra2-FMRP from were kept in Earle's buffer pH 7.4, 140 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgCl 2 , 0.9 g L -1 glucose) on the heated stage (set at 37 °C) of a Nikon Ti inverted microscope and imaged using an ultraview spinning disk confocal system (Perkin Elmer, France). Cells were then stimulated or not with 50 μm DHPG in Earle's buffer. After a 10-min incubation time in either control or DHPG solution, Dendra2-FMRP-granules were photoconverted through a ×100/ NA 1.4 oil immersion objective for 30 ms using 405-nm laser light (50 mW, 15%). The red photoconverted Dendra2-FMRP was excited using a 561-nm laser light (50 mW, 17%) and two-dimensional-time series (2 Hz) were collected for 10 min. The decrease in red fluorescence from the Dendra2-FMRP photoconverted granules was measured over time using Volocity 6.3 software and data expressed as the percentage of the initial red photoconverted fluorescence (F/F 0 ). Curves were fitted using a monoexponential decay equation and data analyzed using GraphPad Prism.

GST-and His-FMRP production and purification. GST-or His-FMRP (1-160) proteins were produced in E. coli BL21(DE3) cells (Invitrogen, France). A single colony was picked and used to inoculate 25 mL of LB broth supplemented with 50 μg mL -1 ampicillin. This was used to inoculate 500 mL of LB and was shaken at 37 °C until OD 600 reached 0.8. Cells were then transferred at 20 °C and protein synthesis induced by addition of 1 mM IPTG (Sigma, France). After 4 h at 20°C, cells were pelleted by centrifugation at 7000×g for 5 min and then gently resuspended in icecold PBS and frozen at -80 °C until use. Pellets were then resuspended in 5 mL lysis buffer (25 mM Tris-HCl pH 8, 300 mM KCl, 1 mM EDTA, 20% glycerol, 5% ETOH, 0.5% NP40, 0.5 M urea) supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich, France). Cells were disrupted by incubation with 1% lysozyme (Sigma, France) for 30 min at 4 °C followed by another 30 min in the presence of 0.1% deoxycholic acid, 10 mM MgCl 2 and 200 ng μL -1 DNase. Lysates were then clarified by centrifugation at 10,000×g for 15 min. GST-or His-tagged proteins were purified using either glutathione gel (GE Healthcare) for GST-and GST-FMRP or Nickel resin (Qiagen) for His-fusion proteins. Proteins were then concentrated on Amicon 3-kDa cutoff filters (Millipore) by centrifugation and resuspended in PBS. Concentrations of purified proteins were determined using the BCA protein assay (Bio-Rad) and protein quality assessed by SDS-PAGE and Coomassie Blue protein staining (Clinisciences).

GST-FMRP/His-FMRP dimerization. GST-(control) or GST-FMRP (1-160) fusion proteins (1 μg) were incubated with an excess of 2 μg His-FMRP (1-160) for 2 h at 4 °C in dimerization buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 2.5 mM MgCl 2 , 0.5% NP40, 0.5 mM DTT, 1% protease inhibitor cocktail) to allow for GST-FMRP/His-FMRP dimerization. Then, 50 μL of glutathione beads (GE Healthcare) were added to the dimerization mix and incubated at 4 °C for 2 h. After five washes in dimerization buffer at 4 °C, immobilized GST-FMRP (1-160)-His-FMRP (1-160) dimers were processed for in vitro sumoylation assays.

In vitro SUMO assays. Immobilized GST-FMRP/His-FMRP dimers were incubated with 0.15 μg of E1-activating complex (Enzo Life science), 0.1 μg of E2 Ubc9 (Enzo Life science), 3 μg of SUMO1-GG in 20 μL of in vitro SUMO reaction mix (20 mM HEPES pH 7.3, 110 mM KOAc, 2 mM Mg(OAc) 2 , 0.5 mM EGTA, 1 mM DTT 0.05% Tween 20, 0.2 mg mL -1 ovalbumin) including the ATP regenerating system (20 mM ATP, 10 mM creatine phosphate, 3.5 U mL -1 of creatine kinase, and 0.6 U mL -1 of inorganic pyrophosphatase (Sigma-Aldrich) for 2 h at 30 °C). After centrifugation for 5 min at 3000×g at 4 °C, the supernatant containing the released His-FMRP (1-160) and the pellet containing the remaining immobilized GST-FMRP/His-FMRP dimers were denatured at 95 °C for 10 min in 5× Laemmli buffer containing 7.5% β-mercaptoethanol and analyzed by immunoblotting with FMRP #2F5-1 antibodies.

Electrophysiological recordings. Patch clamp experiments were carried out at RT (22-25 °C) on mixed cultured cortical/hippocampal neurons obtained from FMRP -/y mice (four different cultures). FMRP -/y neurons (18 DIV) were transduced for 24-26 h with attenuated Sindbis virus to express GFP-FMRP WT or the nonsumoylatable GFP-FMRP-K88,130,614R. Patch pipettes displayed a resistance of 4-7MΩ and filled with a solution containing (in mM): 2 Na 2 -ATP, 130 CsMeSO 4 , 5 CsCl, 2.5 MgCl 2 , 1 Na-GTP, 5 EGTA, and 10 HEPES (pH adjusted to 7.2 with CsOH). The extracellular bathing solution contained (in mM): 145 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 glucose, 0.02 bicuculline, and 0.00025 TTX (pH adjusted to 7.4 with NaOH). We used the whole-cell configuration to record mEPSCs from GFP-positive neurons that were voltage-clamped at -70 mV, i.e., the estimated reversal potential for chloride. mEPSCs were recorded for 10 min, starting 1-2 min after the whole-cell mode was achieved and series resistances were monitored every 50 s by injecting a 5 mV hyperpolarizing current for 10 ms. Data were sampled at 20 kHz, low-pass filtered at 5 kHz (Axopatch 200B Molecular Devices), digitalized (Digidata 1440, Molecular Devices) and recorded using Clampex software (pClamp 10, Molecular Devices). Analysis of series resistances and mEPSCs were performed offline using Clampfit software (pClamp 10, Molecular Devices). mEPSCs were analyzed over periods of 200 s for which series resistances were stable, i.e., did not vary for >25%.

Data and statistical analysis. Statistical analyses were calculated using GraphPad Prism (GraphPad software, Inc). All data are expressed as mean ± s.e.m. Unpaired t test (Fig. 3i) or non-parametric Mann-Whitney test (Figs. 4c and5d, f, g) were used to compare medians of two data sets. For spine morphogenesis experiments, values represent means ± s.e.m. Statistical significance for multiple comparison data sets was computed using a one-way analysis of variance with a Bonferroni post-test 5e,. Normality for all groups was verified using the Shapiro-Wilk test. According to the Levene variance test, variances were homogenous for the percentage of immature and mature spines (Figs. 2b-d, 7b-d, and Supplementary Fig. 2b-d). For FLIM, data distributions were represented as box and whiskers plots displaying upper and lower quartiles, and maximum and minimum values in addition to median. For electrophysiological data, distributions were analyzed by a Kolmogorov-Smirnov test (Supplementary Fig. 3b,c). *p < 0.05 was considered significant.

INTRODUCTION

Fragile X mental retardation protein (FMRP) is an RNA binding protein (RBP) encoded by the fragile X mental retardation 1 (FMR1) gene whose silencing causes the fragile X syndrome (FXS), the most common form of intellectual disability and a leading genetic cause of autism. FMRP is involved in different steps of RNA metabolism, ranging from nuclear export to transport of mRNA along neurites and translational control in the soma as well as at synapses (1). FMRP deiciency impacts the size of brain regions, synaptogenesis and alters the morphology of dendritic spines as well as some forms of synaptic plasticity (2,3). To date, no speciic and effective therapy is available for FXS. Current clinical approaches are focused on behavioral therapy and off-label medications that only mitigate a limited set of symptoms, such as hyperactivity, seizures or anxiety (4). Recent clinical trials based on antagonist of metabotropic glutamate Receptor 5 (mGlu5) and antagonist of GABA-B receptor were discontinued (5,6). The understanding of the physiopathology of FXS and the development of a speciic therapy are intimately linked to the understanding of FMRP function and then to the identiication of FMRP mRNA targets. For this reason, the search for molecular interactors (proteins and mRNAs) of FMRP has been very active (1). By using high-throughput sequencing-crosslinking immunoprecipitation (HITS-CLIP) on mRNAs associated with polyribosomes in whole brains of 11-25 day-old mice, 842 mR-NAs were identiied as targets of FMRP, likely during their translation (7). A phospho-activatable ribonucleoside CLIP (PAR-CLIP) analysis was also performed in a non-neuronal cell line (HEK) co-expressing FMRP endogenously and its inducible lag-tagged form that was immunoprecipitated together with 6.000 mRNAs (8). More recently, a CLIP study using microarray performed in 8-day in vitro cultured neurons resulted in the identiication of one predominant mRNA target of FMRP (9). Nevertheless, it is not clear if most of these targets have a critical role in the physiopathology of FXS and in which cells they interact with FMRP.

Here, we used HITS-CLIP to identify FMRP targets at an early mouse developmental stage [postnatal day (PND) 13], when FMRP is most highly expressed (10,11)a n d synaptogenesis peaks (12). Our analysis resulted in the identiication of the largest set of brain mRNA targets of FMRP to date. This allowed us to dissect the role of FMRP in different brain regions and cell types. On the basis of these indings we were able to identify a predominant motif bound by FMRP in brain and a prominent mRNA target that is a promising druggable pathway for this disorder.

MATERIALS AND METHODS

HITS-CLIP (high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation)

The protocol was optimized following previously described published methods (13)(14)(15)(16). Briely, to isolate mRNAs associated with FMRP in vivo, UV-crosslinking and immunoprecipitations were performed on 100 mg of tissues grinded in liquid nitrogen. Powders were spread onto 60 mm dishes loating onto liquid nitrogen. RNAs and protein were crosslinked through three rounds of 254 nm UV irradiation (400 mJ each). IP was carried out as described previously with minor modiications (13)(14)(15)(16). Crosslinked material was lysed in NP40 buffer [50 mM Hepes pH 7.6, 150 mM NaCl, 0.5% NP40, 1 mM NaF, 0.5 mM Dithiothreitol (DTT), proteases/phosphatases inhibitors (pierce), RNaseOut (1:1000)] as described in Spitzer et al. (15). Debris were removed by centrifugation (10 min, 20 000 g, 4 • C) and supernatants were incubated with RNaseI (0.01 u/l; Ambion) for 15 min at 22 • C. RNase digestion was stopped by the addition of SUPERase In RNAse inhibitor (0.2 u/l). For each assay, 15 l of Rb11 polyclonal anti-FMRP antibody were bound to 50 l of protein A dynabeads (Invitrogen) for each mg of protein lysate in the input. Salt concentration in the lysates was adjusted to 400 mM for 5 min then brought back to 150 mM. IP was carried out at 4 • C for 4 h and ∼2% of the input lysate and 10% of the immunoprecipitated material were saved for western blot analysis to check IP quality. Beads were washed once in NP40 buffer, washed once in high salt buffer (50 mM Hepes pH 7.6, 0,1% sodium dodecyl sulphate, 1 M NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP40) then twice again in NP40 buffer. Co-precipitated RNAs were dephosphorylated in PNK buffer (50 mM Tris pH 8, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT) without ATP, then DTT was adjusted to 5mM and RNAs were labeled with gamma-32 P-ATP and T4 Polynucleotide Kinase (PNK) (NEB). Beads were washed 5 times in PNK buffer without DTT complemented with 0.2% Tween 20. IP materials were resuspended in LDS (Invitrogen), heat-denatured for 10 min at 70 • C and separated on NuPage 4-12% gel, run in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer. Ribonucleoprotein complex were transferred to nitrocellulose membrane with NuPage neutral transfer buffer (Invitrogen), washed with RNAse free water (Ambion) and exposed to phosphorimager screens over night at -20 • C. The area containing the speciic radioactive signal corresponding to FMRP ribonucleoprotein complexes (100 to 130 kDa) was cut out of the membrane, sliced and digested with proteinase K (1 mg/ml) for 30 min at 56 • C (Ambion) then urea concentration was adjusted to 3 M and the samples were further incubated for 10 min at 56 • C( 16). After puriicarion, RNAs were cloned with the CleanTag Ligation Kit for Small RNA Library Prep (Trilink; adapter diluted 1 / 4 ) according to the manufacturer's instructions, reverse transcribed with superscript II (Invitrogen) and ampliied through 16-20 cycles of polymerase chain reaction (PCR) (NEB next).

CLIP sequencing

CLIP samples have been sequenced on Ion torrent Proton and SOLiD WildFire. Due to the RNase digestion, fragments should it the FMRP footprint and may contain adapter sequences at the 3 ′ end of the reads. Using cutapdapt (v1.2.1), reads were trimmed for the 5 ′ adapter sequence present due to the Proton library construction prot o c o lu s e d( -f r o n t= TTCTACAGTCCGACGATC). Cutadapt was also used to trim for potential 3 ′ adapter sequence (-adapter = TGGAATTCTCGGGTGCCAAGG, for Proton and -adapter = 33020103 for SOLiD reads). Trimmed reads with a length under 20 nt were discarded from further analysis to avoid ambiguous mapping. Remaining reads were aligned with bowtie (version 0.12.7) directly to refseq transcriptome (release 20161019) with 'best -strata -norc'. Custom Java class, based on Picard Java API, was used to discard reads mapping to more than one unique gene. Alignment iles were iltered to discard PCR duplicates by keeping only one read per alignment start position taking into account possible stretch of soft clipped bases at the start of the reads. Resulting reads are called fragments and represent the total signal of CLIP experiments aiming at the detection of the FMRP binding sites. The CLIP signal per sample is presented in Supplementary Table S1. Results of the various iltering steps are presented in Supplementary Table S2.

Peak calling and motif detection

FMRP binding sites were identiied with Pyicoclip from Pyicoteo Tools Suite (17), that was applied independently for all the samples. Bam iles with no multi gene hit reads iltered for PCR duplicates were converted to Bed ile with bedtools2 BamToBed and then provided to pyicoclip for peak calling on the whole mouse transcriptome described in refseq (release 19 October 2016). We started from the uniltered list of peaks detected by pyicoclip, processed the ile to ilter peaks with <2 fragments counts and removed the peaks present in mir, RNU, Sno Rny, mitochondrial and riken sequences. Given the large amount of splice variants described in refseq for each gene we generated a method to remove peaks called in different splice variants of the same gene and identifying the same genomic region using a custom perl script. We inally called a total of 18.124 peaks across all samples. We gathered all peaks in a unique ile and removed peaks identifying the same genomic region with the same custom perl script previously used. We inally identiied a total of 18.124 peaks (8962, 5082, 4080 peaks for CB, HC and CX, respectively) that we used to feed to the motif detection software DREME (Meme release 4.10.1) using 'norc -m 5' parameter in order to identify enriched motifs within our sets of peaks. Genebank annotations were used to annotate the coding sequence (cds) and the untranslated regions for each mRNA to map G-4 regions and FMRP binding sites.

Motifs fold analysis

In vivo DMS-mediated RT stop scores were computed as previously described (18) for each base of transcripts. We then mapped the 14.376 peaks (FMRP binding sites) and computed unpairing scores for motifs contained in FMRP binding sites or for the same motif in the same transcript outside of an FMRP binding site. Only transcripts for which we detected 100% base coverage for all motifs in a given transcript in the DMS vitro 95C condition were processed for folding analysis in the three replicates of mESC DMS vivo conditions.

Codon analysis

Codon composition of FMRP binding site in the cds regions was analyzed according to the following formula PauseScore = (Reads codon/orf /Reads ORF) /(Nbr codon/ORF /Length ORF ). In which Reads codon/orf = number of reads covering a given codon for a given ORF, Reads ORF = number of reads covering the ORF, Nbr codon/ORF : number of a given codon in a given ORF and Length ORF : the length of the ORF.

G-quadruplex (G-4) mapping

Presence of a G-4 structure in the various RNAs was assessed by reverse transcriptase-mediated primer extension based on a previously described protocol (19) with some modiications. The DNA sequence of interest was PCR ampliied and subcloned into pGEM-T easy vector. The insertion was veriied by sequencing and the sequence of interest was PCR ampliied with the following primers (T7invitroT; 5 ′ -GACTGACTTAATACGACTCACTATA GGG-3 ′ ; M13Rev; 5 ′ -CACACAGGAAACAGCTATGA C-3 ′ ). Electropherograms were generated and analyzed with the QuShape software (20).

Single cell dataset analysis

Mouse cortex and hippocampus single cell RNAseq data from Zeisel et al. (21) was downloaded from their website (http://linnarssonlab.org/cortex/) and analyzed using the R package Seurat. Raw RNA molecule counts (i.e. unique molecule identiier counts, UMI) were downloaded from http://linnarssonlab.org/cortex/. Count data were normalized to the median count, then log2 transformed. For each organ, among all FMRP targets identiied, the most variable genes between all cell types were selected using a coeficient of variation cut-off of 0.7 and an average expression value >0.2. This resulted in the selection of 74 FMRP target genes for hippocampus and 58 FMRP target genes for cortex. These genes were then used as input for unsupervised hierarchical analysis. Hierarchical clustering and heatmaps of gene expression were generated using the R package pheatmap. Selected genes were clustered using the Ward.D clustering method and the Pearson correlation as distance. Cells were ordered by cell types using the level 1 classiication provided with the original data. For each cell type, a list of genes differentially expressed was determined using the FindMarkers function from the R package Seurat, with parameters thresh.use = 1 and min.pct = 0.25. For each cell type, the 30 genes with highest P-values were used for enrichment analysis. Enrichment in FMRP targets by cell types was assessed using hypergeometric test. All P-values were adjusted for multiple testing using the Benjamini-Hochberg correction.

RT-qPCR

quantitative PCR (qPCR) was performed on a Light Cycler 480 (Roche) with MasterMix SYBRGreen (Roche) following the manufacturer's instructions and according to the MIQE guidelines (22). Primer sequences are reported in Supplementary Table S3.

Synaptosomes puriication

Synaptosomes fractions were prepared by centrifugation on sucrose density gradients. Mouse PND13 cortices were homogenized in sucrose buffer (0.32 M sucrose, 10 mM Tris-HCl, pH 7.4) in a 7× weight/volume ratio. The homogenates were centrifuged at 1000 g for 5 min at 4 • C. The supernatants were brought to a inal volume of 2 ml with sucrose buffer and carefully placed on sucrose-percoll 2-6-10-20% non-continuous density gradients. The gradients were ultracentrifuged at 18 000 rpm for 10 min at 4 • C with slow brake, and the crude synaptosomal fractions, placed between 10 and 20% sucrose-percoll, were carefully recovered with a glass pipette pre-coated with sucrose buffer. The crude synaptosomal fractions were diluted to 10 ml with Hepes buffer (140 mM NaCl, 3 mM KCl, 1.2 mM MgSO 4 , 1.2 mM CaCl 2 , 1 mM NaH 2 PO 4 , 5 mM NaHCO 3 ,10mM glucose, 5 mM Hepes, pH 7.4 at 37 • C) and centrifuged at 10 000 g for 30 min at 4 • C with full brake. The pellets were resuspended in NP40 lysis buffer (1 M Tris-HCl, 3 M NaCl, 12 mM MgCl2, 0,1 M DTT, 1% NP40), centrifuged full speed for 10 min at 4 • C and then resuspended in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer.

Polyribosome fractionation

Polyribosome fractionation was performed as described previously (23) on 20-50% (w/w) continuous sucrose gradients. Fractions were separated on a BR-188 Density Gradient Fractionation System (Brandel). Fold changes in Tbp and Pde2a mRNA levels were assessed by RT-qPCR and were calculated for individual fraction 8 to 14 according to the 2 -∂Cp formula for which ∂Cp is (Cp gene x KO fraction n -C pgene x WT fraction n ). Results from fractions 6 to 8 (Light), 9 to 11 (Medium) and [12][13][14] were pooled and analyzed together.

Protein extraction and western blot analysis

Immunoblot was performed as follows: cells or grinded tissues were homogenized in NP40 buffer, debris were removed by centrifugation (20 000 g, 10 min, 4 • C). Protein content in the supernatant was measured using the Bradford assay (Biorad) and samples were separated on NuPage bis-tris 4-12% gels in MOPS buffer. Separated proteins were transferred to nitrocellulose membranes (Biorad). Membranes were blocked with phosphate-buffered saline-Tween (0.05%) and milk (5%). Primary antibodies were incubated overnight. Antibody Rb11 was generated by immunization of rabbits with a truncated FMRP protein corresponding to its C-terminal region, as previously described (10). Rb11 was used at the dilution of 1:500 for Western blot. Monoclonal 1C3 anti-FMRP antibody ( 24) was used at the dilution 1:1000; mouse polyclonal anti-FMRP 1R was used at the dilution 1:1000 (11). Anti PDE2A (Fabgennix, # PD2A-101AP), PSD95 (Millipore, AB9708), Anti-rpS6 (Cell signaling Technology, 54D2) anti ß-Actin (Sigma, clone AC-74).

Cloning of cDNA fragments corresponding to FMRP binding sites

We cloned fragments bound by FMRP. These fragments were cloned by PCR from mouse genomic DNA and inserted in the PmeI site of pSIcheck2 (Promega). The sequences of the various constructs were veriied by Sanger sequencing on an Applied Biosystems 3130XL and are provided in Supplementary Table S3.

Luciferase assays

STEK cells, expressing or not FMRP were seeded in 96wells plates (20 000 cells/well) and were immediately transfected with pSi-check2-derived constructs using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Renilla and irely activities were measured with the Dual-glo luciferase assay (Promega) using the Glomax 96-wells plate luminometer (Promega).

Probes, smFISH and image analysis smFISH primary probes and FLAPs (secondary luorescent probes) were produced and purchased from Integrated DNA Technologies (IDT) as decribed (25). Threedimensional image stacks were captured on a wide-ield microscope (Zeiss Axioimager Z1/Apotome) equipped with a 63× objective and a CCD camera (Axiocam MRm 4), controlled with Metamorph (Molecular Devices). Spots in the Cy3 channels were detected in 3D stacks with Imaris (Bitplane) and categorized as being labeled. Spots were split into different branching surfaces drawn by Imaris software (ilament) or into cell bodies surfaces.

Statistical analysis

Results are expressed as mean±SEM. All statistical analyses were based on biological replicates. Appropriate statistical tests used for each experiment are described in the corresponding igure legends or in the 'Materials and Methods' section for HITS-CLIP. All statistical analyses were carried out using the GraphPad Prism Version 6.0e.

RESULTS

FMRP target RNAs in different mouse brain areas

We puriied a new polyclonal antibody, Rb#11 and showed that it eficiently pulls down FMRP and recognizes FMRP in Western blot (Supplementary Figure S1A andB). We then set up the CLIP conditions adapting a procedure from previous HITS-CLIP, PAR-CLIP and iCLIP assays (8,13,16). Speciic brain regions (cortex, hippocampus and cerebellum) from Post Natal Day (PND) 13 male mice were grinded in liquid nitrogen into ine powder, UV crosslinked (lanes Ab-and XL), and proteins solubilized in NP40 buffer (Figure 1A). After RNaseI treatment, FMRP was immunoprecipitated and bound RNAs were radioactively labeled. Ribonucleoprotein complexes (RNPs) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Radiolabeled RNPs were detected by autoradiography (Figure 1A, upper panel). The same membrane was subsequently analyzed by Western blot to detect FMRP (Figure 1A, bottom panel). We observed that an increased amount of FMRP/fragmented RNA complex is immunoprecipitated after cross-link (XL), compared to the no XL (XL-) condition (Figure 1A)--an example using immunoprecipitated FMRP from cortex is shown), while no FMRP and FMRP-containing RNPs were detected in the control lane Ab-(without antibody). We selected a set of previously described target mRNAs of FMRP (Grin2a, Map1b and Ppp2ca) and some control RNAs (Gapdh and Tbp). In the absence of RNase treatment, we analyzed their relative enrichment by RT-qPCR in immunoprecipitated mR-NAs from wild-type (WT) and compared them with immunoprecipitated mRNAs from Fmr1-KO cortices (Figure 1B), conirming the speciicity of co-immunoprecipitated target mRNAs of FMRP. We then performed HITS-CLIP, sequenced co-immunoprecipitated cross-linked fragments. The size distribution of the mapped reads was consistent with a protection from RNAse degradation since we could observe reads longer than 40 nt (see an example Supplementary Figure S1C). We repeated this assay twice for cerebellum, three times for cortex and four times for hippocampus. The correlation in the fragment counts per gene from replicate experiments showed the robustness of the experimental protocol (Supplementary Figure S1D). We mapped 712 000 unique reads to the latest ref seq assembly (NCBI ftp web server ref10/2016). We used pyico clip (17) to identify FMRP binding sites, referred thereafter as peaks, resulting in the identiication of 14 376 peaks corresponding to 4.174 RNA targets (Supplementary Table S1). A total of 288 of our hits overlap with deregulated synaptic proteins identiied in the cortex of young Fmr1-null mice (26) (Figure 1C). Approximately one-fourth of the FMRP targets we identiied were previously described as distantly (27), which is consistent with the role of FMRP in RNA transport in specialized cells. Our target mRNA repertoire clearly shows some similarity with datasets obtained by other groups (Figure 1E and Supplementary Table S1) as it shares 680 hits with the list of FMRP target mRNAs associated with brain polyribosomes (13) and 2419 hits with the FMRP target list in Human Embryonic Kidney (HEK) 293 cells ( 8)( F i g u r e1E). Taking in consideration only those having at least 50 fragments (counts) coimmunoprecipitated with FMRP, we found a total of 1065 targets (Supplementary Table S4 andFigure 1F), among them 872 are overlapping with previous studies (Figure 1F) (8,13). Considering our most stringent analysis, we identiied 192 new RNA targets of FMRP. Further strengthening the interest of a tissue-speciic CLIP approach, 80 these new targets were found speciically in the cerebellum and 36 in the hippocampus. To identify signaling pathways regulated by FMRP in the brain, we performed Gene Ontology analysis of its target RNAs in the cortex, hippocampus and cerebellum using Ingenuity Pathway Analysis (IPA) by considering the most restricted number of targets (Supplementary Table S5). Even if most of these mRNAs are common to the various brain areas (Figure 1G), speciic pathways are regulated in each brain region (Figure 1H and Supplementary Table S5). We also took advantage of the recent publication of single-cell transcriptomic datasets and compared our dataset with the recent single cell transcriptomic analysis in the somatosensory cortex and the hippocampus ( 21) and observed that FMRP target RNAs are mostly expressed in neuronal cells (interneurons and pyramidal cells) in the cortex and the hippocampus (Supplementary Figure S2A andB). Cumulative Distribution analysis shows that mRNA targets carrying a G-4 forming motif, or encoded by autism-related genes (autismdb; https://gene.sfari.org/autdb/Welcome.do) are amongst the best targets of FMRP (Figure 2A and Supplementary Table S1). Target mRNAs harboring at least one peak are also enriched in the immuno-precipitated material compared to those devoid of any FMRP binding site (Figure 2A). ------------------------------------------showed a signiicant enrichment according to one sample t-test. Gapdh and Tbp, two RNA that are not targeted by FMRP were used as negative controls. (C-E) Schematic representation of the shared identiied FMRP targets between our HITS-CLIP dataset and (C) proteins that were previously described to be differentially localized in cortical synaptosomes between WT and Fmr1-KO mice and (D) mRNAs localized at the neuropil of rat CA1. 

← -

Motifs bound by FMRP

Consistent with previous studies we found that FMRP mostly binds cds regions of mRNA (59-68% of our identiied FMRP binding sites) and 25-37% of FMRP binding sites are present in the 3 ′ UTRs (Supplementary Figure S3A). Interestingly, one of the peaks overlaps with the Fmr1 G-4-forming structure, a site that has been described previously as bound by FMRP (19). We thus analyzed the folding of the peaks sequences with RNA fold (28)a n d identiied 208 peaks overlapping strong RT-stop regions described in Guo et al.,(18). We could also identify 149 G-4-forming structures, according to RNAfold (28), that are strikingly enriched in the CLIPed RNA (Figure 2A). These RNA structures were predominantly located in cds sequences (49.7%) of FMRP target mRNA, but G-4 are strikingly more abundant in 5 ′ UTR compared to the other motifs we identiied (23.5 versus 4.5-13%) (Supplementary Figure S3B). We validated in vitro the presence of G-4 forming structure in three of them (Calm1, Pcdh9 and Map2)by luorescent primer extension (Figure 2B).

We studied the peak sequences of the three analyzed tissues with DREME ( 29) and we identiied a consensus CTGKA-based motif (Figure 2C), and other less prominent motifs (Figure 2C). Taking advantage of the recent structure-seq dataset in mouse embryonic stem cells (18)we could assess whether the motifs that we identiied were engaged in Watson-crick pairing in vivo. Our analysis clearly shows that the CTGKA, the GWRGA and the TAY motifs present in FMRP binding sites are more accessible to DMS modiication in vivo (Figure 2D) and in vitro (not shown) than the unbound cognate motifs present in the same transcripts. This shows that FMRP recognizes motifs that are presented in single stranded regions or loop sequences of stem loop structures, suggesting a combinatorial RNA binding modality by FMRP through both structure and sequence recognition (Figure 2D).

It was proposed that FMRP could stall ribosomes onto mRNA thereby reducing the translation of its targets (13). We reasoned that FMRP could achieve such an effect by binding to speciic mRNA regions that contain sequences or structures that slow down ribosome progression. We computed a ribosome pause score based on the read coverage of each codon, normalized to its frequency in the ORF also considering the expression and length of the ORF. Our approach therefore computes FMRP binding on codons based on the context sequence and expression of the different ORFs. Our results show that while GC rich codons are underrepresented from these sequences the GAC codon is strikingly enriched in FMRP binding sites (Figure 2E). This latter observation is consistent with a recent report (30). However, to our knowledge, the GAC codon has not been shown to interfere with ribosome elongation speed.

Pde2a mRNA is a prominent target of FMRP

We tested by RT-qPCR the enrichment of prominent CLIPed RNAs (Pde2a, Cacna1a, Atp2b2, Grm4, Grik5, Shank1 and Mef2c) in addition to four positive controls (Grin2a, Map1b, Ppp2ca and Sapap3: RNAs that have been previously indicated as targets of FMRP) and three negative controls (P0, Gapdh and Tbp)( F i g u r e3) and we con- (A) Inluence of FMRP on luciferase reporter gene assay bearing motifs bound by FMRP or an unrelated control. pSI-CHECK-2 plasmids expressing Renilla carrying the various peak sequences in its' 3 ′ -UTR were transfected in STEK cells expressing or not FMRP. At least threeindependent experiments with two biological replicates, for each transfection were quantiied. For each transfection Renilla luciferase activity was normalized with Firely luciferase activity. Ratios for all conditions were divided by the mean of the ratio measured for the empty vector (pSI-CHECK-2). Results are presented as the mean ±SEM (t-test, *P < 0.05). Empty vector and pSI-CHECK-2 carrying a sequence not bound by FMRP are named 'controls'. (B) Summary Table reporting the motifs present in the various sequence analyzed.
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irmed the results of CLIP. We sub-cloned in the 3 ′ UTR of the luciferase reporter gene the peak sequence bound by FMRP in some of the best targets we identiied and we transfected cell lines expressing or not Fmr1 mRNA. As shown in Figure 4A and B, all the best motifs bound by FMRP behave by repressing the translation in the presence of FMRP. Indeed, in the absence of FMRP the activity of luciferase is increased when its mRNA is bound to one of the motifs we identiied (Figure 4A). We could also verify by RT-qPCR that the relative levels of expression of the Renilla luciferase mRNA of each construct were identical in the presence and in the absence of FMRP (not shown) when compared to the levels of the Firely luciferase mRNA. The results we found using a reporter protein are consistent with the data of synaptic expression of the protein considered (26). For instance, PDE2A is overexpressed in the Fmr1null cortical synapses of young mice [( 26)a n dF i g u r e5] while the levels of Adenylate cyclase 1 are not different in the presence or in the absence of FMRP in the same extracts, even if its coding mRNA is bound by this protein.

Suggesting that FMRP may modulate the metabolism of this mRNA in a step other than translation. We found that the Pde2a mRNA was the most enriched among the mR-NAs co-immunoprecipitated with FMRP in cortex (Figure 3) and hippocampus (not shown). PDE2A is a phosphodiesterase involved in cAMP and cGMP degradation in various tissues including the brain (31)(32)(33). Interestingly, many of the pathways most represented in our IPA analysis are directly connected to cAMP/cGMP signaling and involve PDE2A (Supplementary Table S5). These indings suggest that the Pde2a mRNA is a crucial target of FMRP and may be involved in the physiopathology of FXS. While indings obtained using various approaches (34)(35)(36)(37) highlight the presynaptic localization of PDE2A, we found that PDE2A is also post-synaptically located and partially co-localizes with PSD95 in dendritic spines of 17-day in vitro cultured cortical neurons (Supplementary Figure S4A). Furthermore, levels of Pde2a mRNA in cultured primary cortical neurons are increased in vitro upon neuron development (Supplementary Figure S4B). High-throughput sequencing showed that Pde2a mRNA levels are similar in the cortex of 13-day-old Fmr1-KO and WT mice (Supplementary Figure S4C) and, even if other PDEs are expressed in this brain area, Pde2a mRNA levels are the highest (Supplementary Figure S4C). An increased abundance of PDE2A was reported in synaptosomes prepared from the brain of mice at 17 days of age, but not at the adult age (26). Consistent with these results, we found that PDE2A protein levels are increased in highly puriied synaptosomal fractions obtained from cortices and hippocampi of 13-day-old Fmr1-null mice compared with WT animals (Figure 5A,B). These data, together with the indings reported in Figure 4, suggested that FMRP negatively modulates the translation of the Pde2a mRNA. We thus carried out polyribosome fractionation on cortical extracts from 13-day-old WT and Fmr1-KO (Figure 5C) and measured Pde2a mRNA levels by RT-qPCR in pooled fractions (Figure 5D). We showed that, compared to WT cortical tissue, Pde2a mRNA is more abundantly associated with polyribosomes obtained from Fmr1-KO tissue. This result is consistent with an upregulated translation of this mRNA in the absence of FMRP. We assumed that a similar mechanism of FMRP-dependent regulation occurs in the hippocampus, since PDE2A levels are increased in Fmr1-KO hippocampi. To assess the implication of FMRP in the dendritic transport, the level of the Pde2a mRNA was measured by smFISH (38) both in WT and Fmr1-KO primary cortical neurons at 17 days in vitro. Compared to WT, the abundance of Pde2a mRNA was higher in neurites of Fmr1-KO neurons (Figure 5E-F) while no difference was observed in the soma (not shown). Collectively, these results strongly suggest that FMRP negatively modulates the translation of the Pde2a mRNA as well as its axonal/dendritic transport. An increased level of PDE2A is predicted to impact on the intracellular amount of cAMP and cGMP both in cortex and hippocampus.

DISCUSSION

Despite a wealth of research on FXS, the mechanistic action of FMRP (e.g. the RNA motifs that are targeted and the functional role of FMRP/RNA interaction) remains unclear and a speciic and effective therapy for FXS is not yet available. With the purpose of addressing both of these issues, we deine here a set of mRNA targets of FMRP at a critical step of postnatal development of the brain. We performed HITS-CLIP in mouse cerebellum, hippocampus and cortex at PND 13, when FMRP is most highly expressed (10,11) and the number of synapses reaches the highest level (12). We identiied the largest set of FMRP mRNA targets in the mouse brain to date, including 1610 new targets, 57 of which have been previously linked to autism (SFARI list). Considering a restricted list of targets harboring at least 50 counts in the immunoprecipitated material from each tissue, we identiied 193 new targets, 80 of which were found in the cerebellum IP and 36 in the hippocampus further illustrating the need to perform tissuerestricted CLIP analysis to identify a comprehensive set of FMRP RNA targets.

Indeed, another study considered only FMRP targets associated to polyribosomes ( 13), while we immunoprecipitated FMRP from various subcellular localizations. This conirms that FMRP is involved in functions other than translational regulation and suggests that this protein interacts with different RNAs at different steps of their metabolism. Indeed, we show here that FMRP negatively modulates both translation and transport of the Pde2a mRNA at the synapse. Overall, we identiied fewer RNA targets than Ascano et al.( 8) but their study used overexpression of FMRP in a cell line also expressing endogenous FMRP (8), overexpression that could have biased the mRNA binding repertoire of FMRP. Furthermore, even if HEK share a large proportion of their transcriptome with the brain tissue, the authors have probably identiied RNA targets of FMRP that are not neuronally expressed.

Molecular bases of FMRP/RNA interaction

The ACUK/WGGA motif (8) was previously shown to be necessary (at least in HEK cells) but not suficient to mediate FMRP/RNA interaction (1,39,40). Our dataset shows an enrichment of G-4-forming structures in FMRP-bound RNA fragments, which further conirms the role of G-4 in mediating FMRP/RNA interaction. However, as now clearly established, not all FMRP mRNA targets harbor this motif (41). Indeed, we identiied here a novel and very signiicantly enriched consensus motif (CTGKA) bound by FMRP, suggesting that we deined the prominent RNA motif driving FMRP-dependent translation modulation in brain. Among the less prominent motifs we found, two of them (TAY and GWRGA) are very similar to those identiied by another study (30) combining results from the two previous CLIP assays (8,13). However, the other motifs we found appear speciic to our study, suggesting that our approach (in different brain areas), combined with an anti- (B) hippocampi were puriied and proteins extracted as described in the 'Material and Methods' section. The presence of FMRP and PDE2A was revealed by western blot. Upper panels/representative western-blot of FMRP, PDE2A and ␤-Actin protein levels in synaptosomal extracts from cortex (A) and hippocampus (B). Densitometric quantiication of immunoblots reveal that the absence of FMRP (KO) leads to a signiicant increase in PDE2A protein levels relative to controls (WT). Data are presented as mean ± SEM of n = 4 independent samples (Mann-Whitney test * P < 0.05). (C) Cortical protein extracts from PND 13 WT and Fmr1-KO male mice were analyzed by sedimentation velocity through a 20-50% sucrose gradient. Fifteen fractions were generated. The integrity and distribution of polyribosomes were based on the 254 nm UV proile (in the lower panel representative proiles of two sucrose gradients preparations from WT and Fmr1-KO cortices, respectively, are shown). The distribution of polyribosomes was also veriied by the presence of ribosomal protein S6 (rpS6), a core protein of the small ribosomal subunit. The presence of rpS6 and FMRP in the various fractions was detected by immunoblot (top panels) using speciic antibodies for these two proteins. The name of the protein is indicated on the left while the molecular weight is indicated on the right of each immunoblot. RNAs puriied from the indicated fractions were pooled and the abundance of Pde2a mRNA measured by qRT-PCR. (D) Fold changes in Tbp or Pde2a mRNA levels in the pooled fractions were measured as described in the 'Materials and Methods' section. Mean ± SEM from three independent experiments (three WT and three body eficiently precipitating FMRP, allowed the identiication not only of new targets (see later) but also of new binding-motifs. All the motifs (alone or in combination) are able to negatively modulate FMRP-driven translational regulation consistent with the well-established function of FMRP as a repressor of translation, even if some exceptions have been described (9,23,42). The fact that we found that some RNA regions bound by FMRP do not have an impact on the FMRP-translational modulation (Figure 4A) suggests that their interaction with FMRP mediate a function other than translation regulation. Alternatively, additional co-factors are needed to achieve such a regulation in a given cell type or in a spatio/temporal control. In other cases, the reasons could be more complexes and suggest an im-plication of FMRP in large number of regulation of RNA metabolism, not only including intracellular transport but possibly an implication in RNA folding and/or RNPs assembly. Also, the sequences we--and others--found are relatively short and this strongly indicate that their location in a special structural context is crucial for FMRP recognition, as we have already suggested (39). This suggestion is now validated by showing that three of the motifs bound by FMRP in brain, (CTGKA, GWRGA, TAY) are recognized in the context of a single strand RNA region (likely a loop structure). Interestingly, Taliaferro et al. recently showed that the structural context in which a given sequence motif is crucial for the speciicity of binding of the cognate RNAbinding protein (43). Similar studies will be needed to decipher the determinants of this structural context that modulate FMRP binding onto its target sequences. The combinatorial recognition of its target sequence by FMRP may be explained by the presence of multiple RNA binding domains in this protein. On one hand, the RGG-box was already shown to recognize several structures and a combined sequence/structure (7,15,23,44) and, on the other hand, the KH2 domain was shown to recognize a complex structure, the kissing complex, (45). Even if a pathological mutation in the KH2 (e.g. I304N) does not prevent the ability of this protein to bind RNA (7), this mutant FMRP is not associated to polyribosomes, is localized in small RNAseresistant RNPs (46) and impacts the size and number of RNA granules (47,48). Furthermore, deletion of the RGG box resulted in a less eficient association to polyribosomes (49). Collectively, these indings suggest that, even if these two RNA binding domains can act in a modular manner, the precise recognition of the mRNA targets and their integration of functional RNPs depends on the integrity of both RNA-binding domains.

By analyzing the codon composition of FMRP binding sites in coding sequences we showed that, intriguingly, the GAC codon is overrepresented and GC-rich codons are underrepresented in these sequences. The GAC codon is not particularly rare and its corresponding tRNA has an average level of expression. We believe that this further argues in favor of the requirement of a structural motif (i.e. a sequence presented in a structure context) bound by FMRP. In addition to the presence of RNA motifs and its surrounding sequences, the speciicity of binding of this protein might imply the action of FMRP-interacting proteins that are components of FMRP-containing RNPs and that can interfere (compete/cooperate/prevent) with the function of FMRP. In this context, we can only argue that to assess the functional signiicance of the FMRP/target interaction and the molecular role of RNA target encoded proteins in the physiopathology of FXS, the critical targets of FMRP must be studied individually in the appropriate cellular context. Indeed, FMRP may play crucial regulatory roles in the metabolism of cell-speciic transcripts even in cell types where it is not highly expressed. For this reason, we studied the cell origin of FMRP targets. Some of these previously overlooked targets include Slc1a2 in astrocytes/ependymal cells, Mef2c in pyramidal cells from CA1, Scd2 and Marcks in oligodendrocytes, and Rapgef4 in endothelial mural cells. These results also suggest the functional importance of FMRP in glia, even if in these cells its expression is lower than in pyramidal neurons. Moreover, it is interesting that some FMRP RNA targets are particularly abundant in a given tissue, such as Grm4, Fat2 or Unc5C that are speciic to the cerebellum, Camk2a, Kif5a and Agap2 that are more enriched in immunoprecipitations from hippocampi, or Calm1 and Enc1 that are more enriched in IPs from cortex. Pde2a is only bound by FMRP in cortex and hippocampus (Supplementary Table S1). Considering that the role of FMRP in the various steps of RNA metabolism is modulated through the presence of its interacting partners, as we have previously shown (23,43), we strongly believe that our results are critical to unravel cell-dependent FMRP regulations. In conclusion, we can predict that the functional relevance of each target can be studied individually. A similar approach was used to understand the role of the RNA G-4 in the molecular bases of FXS. This motif has been shown to modulate the FMRP-dependent translation (39,41)b u t not FMRP-dependent dendritic transport (50). Conversely, the complex with FXR1P (paralog of FMRP)/G-4 has also been involved in the control of RNA stability (51).

Identiication of mRNAs target of FMRP critical for FXS physiopathology

Our approach allowed us to deine the role of FMRP in various brain areas by investigating its implication in the regulation of mRNAs expressed in speciic brain regions. A large overlap is observed between FMRP targets in cortex and in hippocampus, while targets from cerebellum appear more divergent. However, speciic targets for each analyzed area have been found and these identiications could be possible only by the 'regionalized' approach. Gene Ontology analysis allowed to point out that FMRP targets several pathways in the brain like CREB signaling in neurons (Supplementary Table S5), axonal guidance, RAR activation, Rac signaling, regulation of p70s6k signaling and synaptic long-term depression and long-term potentiation. Of particular interest is the speciicity of the Gai signaling in the hippocampus as well as the iNos and Tgf-ß signaling in the cortex. In addition, our analysis also pointed out that cAMP/cGMP is one the most prominent deregulated pathways in the Fmr1-KO mouse brain and that the Pde2a mRNA is one prominent target of FMRP. We show here that in the absence of FMRP the level of PDE2A is elevated both in cortex and hippocampus, implying a reduced level of cAMP and cGMP in those brain areas in Fmr1-null mice. Indeed, the PDE2A enzyme is involved in cGMP-dependent degradation of both cAMP and cGMP, two second messengers at the crossroad of many signaling pathways which modulate a large array of intracellular processes in neurons strongly impacting memory and cognition (52). In neurons, PDE2A is mainly synaptic and exerts both pre-and post-synaptic functions [this study and ( 37)] being involved in synaptogenesis (53) and synaptic plasticity (37,54). All these considerations suggest that this protein is a putative therapeutic target for an effective treatment of FXS.

We focused here on Pde2a mRNA, a mRNA target of FMRP in hippocampus and cortex, two brain areas whose dysfunction is most likely causative to cognitive and behavior deicits in FXS. However, we would like to underline that it is known that altered cerebellum volume and connectivity are associated with etiology of Autism Spectrum Disorder (ASD) (55,56). However, speciic cerebellar pathways involved in those pathophysiological mechanisms are poorly described. Thus, our analysis of the FMRP targets in this tissue may help in revealing them. For instance, the implication and regulation of (Estrogen Receptor) Erb2 and Erb3 by FMRP is very intriguing and, if extended to ASD, could provide a molecular clue to explain the 1 to 4 ratio between female and male ASD patients (57). In addition, for instance, one of the pathways speciically modulated by FMRP in cerebellum is the GDNF (Glial Cell Line-derived Neurotrophic Factor) that has been recently associated to normal cerebellar motor learning (58). In conclusion, all these pathways may contribute to cellular and/or behavioral phenotypes of FXS.

Introduction

Fragile X syndrome (FXS) is a rare genetic neurodevelopmental disorder with a prevalence of 1:4000 males and 1:7000 females representing the most common form of inherited intellectual disability (ID) and a leading genetic cause of autism spectrum disorder (ASD). Patients may also exhibit a range of disabling neurological problems including hyperactivity, attention deficit, anxiety and epileptic seizures in addition to facial dysmorphims and physical abnormalities (Bassell and Warren 2008;Maurin et al. 2014;Castagnola et al. 2017). FXS is caused by the absence of expression of the FMR1 gene, which ultimately leads to the lack of its product, the fragile X mental retardation protein (FMRP), a translational modulator of synaptic proteins and a regulator of mRNA transport at the synapse. Consequently, neurons of both FXS patients and Fmr1-KO mice exhibit abnormal dendritic spines associated with altered forms of synaptic plasticity (Bassell and Warren 2008;Maurin et al. 2014;Castagnola et al. 2017). Furthermore, altered volumes of specific brain structures that develop prenatally or early postnatally in young FXS children (Gothelf et al. 2008;Hoeft et al. 2010) and Fmr1-KO pups [START_REF] Lai | Regional brain volumes changes in adult maleFMR1-KO mouse on the FVB strain[END_REF]) have been described. The abundance of many synaptic proteins is altered in the absence of FMRP and, consequently, multiple molecular pathways are dysregulated in Fmr1-KO neurons (Maurin et al. 2018). However, despite the research efforts made both at preclinical and clinical levels, approved therapies are not yet available for FXS (Budimirovic et al. 2017;Castagnola et al. 2017;Erickson et al. 2017). Towards this goal, it is essential to have a better understanding of the pathophysiology of FXS and of the role played by FMRP during brain development. Therefore, we used High Throughput Sequencing-Cross Linking Immuno-Precipitation (HITS-CLIP) to identify FMRP RNA targets at postnatal day (PND) 13, an early developmental stage of mouse brain, when FMRP is most highly expressed and synaptogenesis peaks (Maurin et al. 2018). At this age, in hippocampus and in cortex a prominent target of FMRP is the Phosphodiesterase 2A (Pde2a)mR NA ( Maurin et al. 2018), which encodes an enzyme involved in cAMP and cGMP degradation (Maurice et al. 2014). PDE2A levels and activity are increased (Maurin et al. 2018 and this study) in Fmr1-KO, resulting in reduced levels of cAMP and cGMP, 2 intracellular secondary messengers having key roles in neuronal differentiation, development and function [START_REF] Shelly | Local and long-range reciprocal regulation of cAMP and cGMP in axon/dendrite formation[END_REF][START_REF] Park | A presynaptic role for PKA in synaptic tagging and memory[END_REF]. Here, we unravel the pathophysiological relevance of PDE2A activity in FXS by combining in vitro, ex vivo, and in vivo experiments and using 2 rodent models of FXS. We conclud that PDE2A represents a novel therapeutic target to treat children affected by FXS.

Materials and Methods

Neuronal Cultures and Spine Morphology Analysis

Primary cortical neurons were prepared from embryos at E15.5 obtained from pregnant C57Bl/6 Fmr1-KO and wild type (WT) mice as previously described (Khayachi et al. 2018). Neurons (17 days in vitro) were treated with 0.2 μM BAY607550 or DMSO (control) for 24 h in total. After 5 h of pharmacological treatment, neurons were transduced with attenuated Sindbis viral particles pSinRep5(nsP2726)-expressing GFP at a multiplicity of infection (MOI) of 0.1. Transduced neurons (18 days in vitro) were washed twice in PBS at room temperature (RT) after 19 h of transduction, and then fixed [START_REF] Devader | In vitro and in vivo regulation of synaptogenesis by the novel antidepressant spadin[END_REF]. Sequential confocal images (512 × 220 pixels; Zoom 3.0; Average 4; Speed 7) of GFP-expressing neurons were acquired with a 63X oil-immersion lens (Numerical Aperture NA 1.4) on an inverted Zeiss LSM780 confocal microscope. Z-series of 7-8 images of randomly selected secondary dendrites (3 independent cultures, 24-30 neurons per condition) were analyzed using NeuronStudio software, which allows for the automated detection of immature and mature spines [START_REF] Rodriguez | Automated three-dimensional detection and shape classification of dendritic spines from fluorescence microscopy images[END_REF][START_REF] Devader | In vitro and in vivo regulation of synaptogenesis by the novel antidepressant spadin[END_REF].

The dendritic spine morphology analysis was scored and analyzed by trained observers who were unaware of treatment conditions.

cAMP and cGMP Detection 1) ELISA test: Frozen ground hippocampi from PND 13 mice, were resuspended in 10 volumes of 0.1 N HCl and centrifuged to remove debris. Supernatants were used directly for cGMP measurement. ELISA was then carried out according to the manufacturer's instructions (Direct cGMP ELISA kit; Enzo Life Science). 2) cAMP-Glo Max assay: Primary cortical neurons (17-21 days in vitro) cultured in 96 wells plates were stimulated in 2 biological replicates with 10 μM Forskolin and 1 μM BAY607550 in dPBS supplemented with CaCl 2 and MgCl 2 for 30 min at 37 °C. cAMP concentration was measured with the cAMP-Glo Max assay (Promega) according to the manufacturer's indications. 3) cAMP Biosensors: Brain slices were prepared from male mice at PND 7-11, transduced with Sindbis viral particles to express the cAMP biosensor Epac-S H150 [START_REF] Polito | The NO/cGMP pathway inhibits transient cAMP signals through the activation of PDE2 in striatal neurons[END_REF]. Wide-field images were obtained with an Olympus BX50WI or BX1WI upright microscope with a 40× 0.8 NA waterimmersion objective and an ORCA-AG camera (Hamamatsu). Images were acquired with iVision (Biovision, Exton, PA, USA). The excitation and dichroic filters were D436/20 and 455dcxt. Signals were acquired by alternating the emission filters with a filter wheel (Sutter Instruments, Novato, CA, USA), HQ480/40 for the donor, and D535/40 for the acceptor. Images were analyzed with custom routines according to the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA). The emission ratio was calculated for each pixel as F480/F535. The pseudocolor images display the ratio value coded in hue and the fluorescence of the preparation coded in intensity. The amplitudes of responses were quantified for each neuron as the fractional change in ratio from its own baseline and maximal final ratio response (in the presence of forskolin and IBMX). Responses obtained from CA1 neurons were averaged for each experiment (i.e., brain slice). Data were analyzed with SPSS statistical software version 22.0 (Chicago, IL, USA). Normality in variable distributions and homogeneity of variances across groups were assessed with the Shapiro-Wilk and Levene tests, respectively.

Animals

The experiments were performed following the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines (Kilkenny et al. 2010). Fmr1-knockout (KO) and WT mice on a C57BL/6J congenic background were obtained from Prof. R. Willemsen (Mientjes et al. 2006), while Fmr1-KO and WT rats on a Sprague-Dawley background were purchased from Horizon Discovery (formerly SAGE Labs, USA). All animals were generated and housed in groups of 4 in standard laboratory conditions (22 °C, 55 ± 10% humidity,12-hlight/12-hdarkdiurnal cycles) with food and water provided ad libitum.

Behavior

Experimental testing was performed between 12:00 and 16:30 each day during the 12-h light period. Only male mice and rats were used. 

Electrophysiology

Hippocampal slices were prepared from WT and Fmr1-KO mice on a C57BL/6J genetic background at PND 13 as previously described (Costa et al. 2012) Drug Treatment BAY607550 (Cayman) was dissolved in 10% DMSO/8.75% Tween 80/8.75% polyethylene glycol/saline. For the behavioral experiments, BAY607550 or Lu AF64280 (or their vehicles) were administered intraperitoneally (i.p.) 30 min before testing. BAY607550 was administrated at the doses of 0.05 mg/kg at infancy and 0.1 mg/kg at adolescence, while Lu AF64280 was a administered at 0.5 mg/kg. Drug doses and pretreatment intervals were based on literature (Boess et al. 2004;[START_REF] Masood | Reversal of oxidative stress-induced anxiety by inhibition of phosphodiesterase-2 in mice[END_REF][START_REF] Masood | Anxiolytic effects of phosphodiesterase-2 inhibitors associated with increased cGMP signaling[END_REF][START_REF] Ding | Protective effects of phosphodiesterase 2 inhibitor on depression-and anxiety-like behaviors: involvement of antioxidant and anti-apoptotic mechanisms[END_REF][START_REF] Redrobe | In vitro and in vivo characterisation of Lu AF64280, a novel, brain penetrant phosphodiesterase (PDE) 2A inhibitor: potential relevance to cognitive deficits in schizophrenia[END_REF]Wang et al. 2017) and our pilot data showing that, at the doses used in the present study, drugs did not affect the behavior of WT animals. In one experiment, chronic treatment was carried out by a daily i.p. injection of 0.05 mg/kg BAY607550 to mice from PND 5-21 and mice were tested for social interaction after a washout interval of 9 days. One pup per litter from different litters per treatment group was used in the behavioral experiments, to control for any potential litter effect. Animals were randomly allocated to each treatment group. Coding of the drug solutions ensured that both during experimentation and behavior analysis, the experimenter was unaware of the treatment of the animals. The number of animals per group is indicated in the figure legends.

The Isolation-Induced Ultrasonic Vocalizations Test

The test was performed as previously described (Servadio et al. 2016). Briefly, each pup (at PND 10 for mice and PNDs 5 and 9 for rats) was individually removed from the nest and placed into a black Plexiglas arena, located inside a sound-attenuating and temperature-controlled chamber. Pup ultrasonic vocalizations (USVs) were detected for 3 min by an ultrasound microphone (Avisoft Bioacoustics, Germany) sensitive to frequencies between 10 and 250 kHz and fixed at 10 cm above the arena. Pup axillary temperature was measured before and after the test by a digital thermometer. The emission of USVs was analyzed using Avisoft Recorder software (Version 5.1).

Homing Behavior Test

At PND 14, the litter was separated from the dam and kept for 30 min in a temperature-controlled holding cage. Then, each mouse pup was placed into a Plexiglas box whose floor was covered for 1/3 with bedding from the pup's home cage and for 2/3 with clean bedding. The pup was located at the side of the box covered by clean bedding, and its behavior was videorecorded for 4 min for subsequent analysis. The following parameters were scored using the Observer 3.0 software (Noldus Information Technology): latency (s) to reach the home-cage bedding area; total time (s) spent by the pup in the nest bedding area.

Social Interaction Test

The test was performed as previously described [START_REF] Terranova | Scoring of social interactions and play in mice during adolescence[END_REF][START_REF] Jamain | Reduced social interaction and ultrasonic communication in a mouse model of monogenic heritable autism[END_REF]). The 28-30-day-old mice were individually habituated to the experimental apparatus (a Plexiglas cage measuring 30 × 30 × 30 cm 3 ) for 5 min the day before testing. On the test day, the animals were isolated for 2 h before testing, to enhance their social motivation and thus facilitate the expression of social interaction during testing. The test consisted of placing 2 animals (same treatment and weight) into the test cage for 10 min.

The behavior of the animals was recorded using a video camera with zoom lens, DVD recorder and LCD monitor. Behavior was assessed per single animal and analyzed by a trained observer who was unaware of genotype and treatment conditions using the Observer XT software (Noldus, The Netherlands).

The following parameters were scored [START_REF] Terranova | Scoring of social interactions and play in mice during adolescence[END_REF][START_REF] Jamain | Reduced social interaction and ultrasonic communication in a mouse model of monogenic heritable autism[END_REF] pushing and kicking it around, using the snout and/or both the forepaws and hindpaws.

The average frequency of total social activities, quantified as number of events during the 10 min testing session, was graphed.

Statistical Analysis

Results are expressed as mean ± standard error of the mean (SEM). All statistical analyses were based on biological replicates. Appropriate statistical tests used for each experiment are described in the corresponding figure legends. All statistical analyses were carried out using the GraphPad Prism Version 6.0e.

Results

PDE2A Dysregulation is Involved in the Physiopathology of FXS

Pde2a is expressed both in cortex and hippocampus (e.g., supragranular layer of neocortex, CA1 and CA3 regions of hippocampus) [START_REF] Stephenson | Immunohistochemical localization of phosphodiesterase 2A in multiple mammalian species[END_REF][START_REF] Stephenson | The distribution of phosphodiesterase 2A in the rat brain[END_REF], with a high and homogenous expression in the mouse CA1. To assess whether the increased abundance of the PDE2A protein in the absence of FMRP that we described (Maurin et al. 2018) is associated with its elevated activity in hippocampus, we measured cAMP levels in single neurons of the CA1 area in Fmr1-KO and WT mouse brain slices.

For this purpose, we used the Epac-S H150 fluorescent biosensor that detects an increase in cAMP levels by a decrease in FRET between the donor and acceptor fluorophores [START_REF] Polito | The NO/cGMP pathway inhibits transient cAMP signals through the activation of PDE2 in striatal neurons[END_REF]). These changes were monitored in real-time by ratiometric fluorescence imaging. cAMP synthesis was first stimulated using forskolin, leading to a steady-state biosensor emission ratio. PDE2A was then activated using the NO donor DEANO, which decreased the biosensor ratio. PDE2A activity was then blocked by the addition of the potent and specific PDE2A inhibitor BAY607550 (Boess et al. 2004), which increased the biosensor ratio, revealing the effective contribution of PDE2A in cAMP degradation. A final application of forskolin and the nonselective phosphodiesterase inhibitor IBMX increased the biosensor ratio to its maximum. An example of this analysis in WT neurons is reported in Figure 1A, B. Then we performed these assays in hippocampal slices obtained from PND 7-11 WT and Fmr1-KO mice. cAMP levels elicited by forskolin and DEANO stimulation were significantly lower in the absence of Fmr1 expression, consistent with an elevated PDE2A activity in the Fmr1-KO hippocampus (Fig. 1C). We confirmed these findings by a detailed analysis of cAMP degradation kinetics in the presence and in the absence of FMRP upon PDE2A activation with DEANO: the decrease in biosensor ratio upon PDE2A stimulation with DEANO was significantly faster in Fmr1-KO neurons than in WT (Fig. 1D).

In addition, using an ELISA immuno-assay, we showed that cGMP levels are also significantly decreased in Fmr1-KO hippocampi (Supplementary Fig. S1). Collectively, these data indicate that there is an elevated activity of PDE2A in hippocampal Fmr1-KO neurons.

Blocking PDE2A Activity Suppresses the Exaggerated LTD in Fmr1-KO hippocampus A hallmark of FXS is the exaggerated LTD induced by mGluR activation in the hippocampal CA3-CA1 synapses (Huber et al. 2002). To assess whether inhibition of PDE2A can prevent the exaggerated synaptic plasticity characterizing FXS hippocampi, we measured LTD expression in the presence and in the absence of BAY607550. AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) were recorded from CA1 pyramidal neurons under whole-cell patch clamp following stimulation of Schaffer collaterals, in the continuous presence of D-AP5 (50 μM) and bicuculline (5 μM). Bath application of DHPG (100 μM, 5 min), an agonist of group I mGluRs, induced a LTD of EPSC amplitude that in WT was not modified in the presence of BAY607550 (50 nM; Fig. 2A,C). The amount of mGluR-LTD is exaggerated in Fmr1-KO hippocampi (EPSC amplitude: 40 ± 9% vs. 78 ± 9% in Fmr1 KO vs. WT, P < 0.05; Fig. 2B,C), as previously reported (Costa et al. 2012;Castagnola et al. 2017). Intracellular BAY607550 (50 nM) in Fmr1-KO mouse hippocampal neurons reverted the exaggerated mGluR-LTD to a level that is not statistically different from WT control recordings (EPSC % amplitude: 78 ± 9% vs. 86 ± 7% in WT vs. Fmr1-KO treated with BAY607550; Fig. 2B,C). Remarkably, BAY607550 treatment (50 nM) had no effect on mGluR-LTD in WT slices (Fig. 2A-C). These results clearly show the implication of PDE2A-mediated regulation of cAMP and cGMP in the exaggerated mGluR-dependent LTD in Fmr1-KO mice.

Inhibiting PDE2A Activity Restores Axonal Length and Spine Maturation in Cultured Cortical Fmr1-KO Neurons

The presence of abnormal immature dendritic spines in the brain of FXS patients and in primary neuronal cultures of mouse Fmr1-KO models of FXS [START_REF] Comery | Abnormal dendritic spines in fragile X knockout mice: maturation and pruning deficits[END_REF][START_REF] Irwin | Dendritic spine structural anomalies in fragile-X mental retardation syndrome[END_REF][START_REF] Nimchinsky | Abnormal development of dendritic spines in FMR1 knock-out mice[END_REF][START_REF] Antar | Localization of FMRP-associated mRNA granules and requirement of microtubules for activity-dependent trafficking in hippocampal neurons[END_REF][START_REF] Antar | Local functions for FMRP in axon growth cone motility and activitydependent regulation of filopodia and spine synapses[END_REF] is another hallmark associated with the functional absence of FMRP. Importantly, both cAMP and cGMP have been reported to exert an important role in axonal growth and dendritic spine maturation [START_REF] Shelly | Local and long-range reciprocal regulation of cAMP and cGMP in axon/dendrite formation[END_REF][START_REF] Shen | Guidance molecules in synapse formation and plasticity[END_REF]Averaimo and Nicol 2014;[START_REF] Akiyama | Cyclic nucleotide control of microtubule dynamics for axon guidance[END_REF]. Therefore, to assess the involvement of PDE2A in synaptic morphology, we first analyzed cAMP levels in cultured cortical neurons in the absence or in the presence of PDE2A inhibitors (Supplementary Fig. S2).

We then assessed the impact of an inhibition of PDE2A activity on the maturation of dendritic spines (Fig. 3) and on axonal growth (Fig. 4)i nFmr1-KO cultured cortical neurons. To quantify the activity of PDE2A in FXS neurons, we measured cAMP levels in cultured Fmr1-KO upon forskolin stimulation associated with pan-PDE inhibition with IBMX (Supplementary Fig. S2). This latter treatment led to a significant increase in cAMP levels both in the presence and in the absence of FMRP expression (Supplementary Fig. S2A), while treatment with Rolipram (a specific inhibitor of PDE4) did not (Supplementary Fig. S2B). Conversely, the specific blockade of PDE2A activity by BAY607550 promoted a significant increase in cAMP levels in Fmr1-KO neurons without affecting its abundance in WT neurons (Supplementary Fig. S2C). This finding suggests a PDE2A-dependent regulation of cAMP levels in Fmr1-KO neurons. In cultured Fmr1-KO neurons (Fig. 3A), the specific inhibition of PDE2A by BAY607550 strongly promoted spine maturation by increasing the number of mushroom spines (Fig. 3B) and reduced the number of immature filopodia (Fig. 3E) to normal WT levels. BAY607550 also had a positive impact on the maturity of Fmr1-KO neurons by increasing the head size of mushroom spines (Fig. 3C) and concomitantly reducing the length of thin immature spines to WT levels (Fig. 3F-G). Finally, the BAY607550 treatment affected neither the length of mature spines (Fig. 3D) nor the density of dendritic protrusions (Fig. 3H) in Fmr1-KO neurons.

Abnormal axonal growth has been observed in the fly model of FXS [START_REF] Morales | Drosophila fragile X protein, DFXR, regulates neuronal morphology and function in the brain[END_REF]. Since both cAMP and cGMP fulfill critical roles in axonal growth [START_REF] Shelly | Local and long-range reciprocal regulation of cAMP and cGMP in axon/dendrite formation[END_REF][START_REF] Shen | Guidance molecules in synapse formation and plasticity[END_REF]Averaimo and Nicol 2014;[START_REF] Akiyama | Cyclic nucleotide control of microtubule dynamics for axon guidance[END_REF], we assessed whether PDE2A activity regulates the length of axons. Using an immunocytochemistry-based approach, we measured axon length of 2 days in vitro neurons and showed that Fmr1-KO neurons had significantly shorter axons than WT cells (Fig. 4A-C). The blockade of PDE2A for 24 h with BAY607550 was sufficient to fully rescue the axonal growth defect of FXS neurons (Fig. 4).

Critical Role of PDE2A Activity in Defining Social Deficits Displayed by 2 Rodent Models of FXS

The Fmr1-KO mouse model of FXS recapitulates the main behavioral traits initially described in FXS patients, such as cognitive deficit and social interaction impairments (Mientjes et al. 2006;Maurin et al. 2014). Since we identified Pde2a mRNA as a target of FMRP during the early postnatal life in the mouse brain and since we showed that PDE2A expression was increased in Fmr1-KO brains (Maurin et al. 2018), we investigated whether an acute PDE2A blockade in vivo rescued the altered phenotype of Fmr1-KO infant (PND [10][11][12][13][14] and adolescent (PND 30) mice in FXS-relevant behaviors (Fig. 5). At infancy, Fmr1-KO pups displayed early communicative deficits, since they vocalized significantly less compared with WT pups when separated from the dam and siblings at PND 10 (Fig. 5A,B). Furthermore, Fmr1-KO animals showed early deficits in social discrimination, since they were unable to use olfactory cues to discriminate between a neutral odor and their own cage odor in the homing behavior test (Fig. 5C,D). BAY607550 has been shown to efficiently cross the blood-brain barrier when administered i.p., promoting comparable PDE2A inhibition levels as the intracranial injection route (Wang et al. 2017). Our results showed that inhibition of PDE2A activity through i.p. administration of BAY607550 normalized the altered USV profile displayed by PND 10 Fmr1-KO mice (Fig. 5B). Remarkably, we validated this result by inhibiting PDE2A with Lu AF64280, another highly specific PDE2A inhibitor [START_REF] Redrobe | In vitro and in vivo characterisation of Lu AF64280, a novel, brain penetrant phosphodiesterase (PDE) 2A inhibitor: potential relevance to cognitive deficits in schizophrenia[END_REF]. Similar to BAY607550, Lu AF64280 was able to revert the altered USV frequency displayed by Fmr1-null pups (Supplementary Fig. S3). This confirms that PDE2A blockade is able to rescue the communicative deficit displayed by Fmr1-KO mice in the USV test. Furthermore, we found that treatment with BAY607550 improved the performance of Fmr1-KO pups in the homing behavior test (Fig. 5C-E) without altering the performance of WT pups. Our results pointed out that altered social behavior is a core phenotypic characteristic of the FXS mouse model. Accordingly, compared with WT animals, adolescent Fmr1-KO mice showed reduced social interaction, a phenotype that was rescued by PDE2A inhibition (Fig. 5F).

PDE2A is a Therapeutic Target for FXS

The elevated activity of PDE2A may underlie the deficits in communicative and social domains displayed by Fmr1-KO mice throughout development. To confirm this possibility, we chronically treated Fmr1-KO mice with BAY607550 from PND 5 to PND21, and tested their social abilities after a washout interval of 9 days. Strikingly, early treatment with BAY607550 reversed the social deficits displayed by Fmr1-KO mice at PND 30, showing that the beneficial effects of early PDE2A pharmacological blockade are long-lasting (Fig. 5G). Importantly, the administration of BAY607550 had no effect on the behavior of WT mice (Fig. 5B,D-G), further indicating the specificity of this treatment for the FXS phenotype. Finally, chronically administered BAY607550 rescued the abnormal dendritic spine length in the CA1 region of the hippocampus of Fmr1-KO mice (Supplementary Fig. S4). To validate PDE2A as a therapeutic target for FXS, we extended the behavioral analysis to Fmr1-KO infant rats. Similar to Fmr1-KO mice, Fmr1-KO rats vocalized less than WT controls when separated from their mother and siblings at PND 5 and PND 9 (Fig. 6A,B). Remarkably, acute administration of BAY607550 also normalized their altered USV pattern (Fig. 6A,B) and the ability of these infant rats to communicate, without affecting the behavior of WT control animals (Fig. 6A,B).

Discussion

Role of PDE2A in Hippocampus and Cortex Development

We have shown that an elevated amount of the PDE2A protein is present in Fmr1-null cortex and hippocampus (Maurin et al. 2018). Due to the heterogeneous pattern of the expression level of PDE2A in these brain regions [START_REF] Stephenson | Immunohistochemical localization of phosphodiesterase 2A in multiple mammalian species[END_REF][START_REF] Stephenson | The distribution of phosphodiesterase 2A in the rat brain[END_REF], we measured here the PDE2A activity at the single cell level demonstrating that the activity of PDE2A is also significantly increased in the absence of FMRP. Since an important fraction of PDE2A is localized at the synapse (Russwurm et al. 2009;Maurin et al. 2018), we reasoned that its elevated activity in FXS neurons could impact local cAMP and cGMP homeostasis. It has been reported that the levels of both cAMP and cGMP have critical roles in axon elongation and guidance [START_REF] Shelly | Local and long-range reciprocal regulation of cAMP and cGMP in axon/dendrite formation[END_REF][START_REF] Akiyama | Cyclic nucleotide control of microtubule dynamics for axon guidance[END_REF] and in regulating the morphology and growth of dendritic spines [START_REF] Dityatev | Molecular mechanisms of synaptogenesis[END_REF]. Indeed, Fmr1-KO neurons show an increased PDE2A activity as well as an increased density of spines compared with WT neurons. Blocking the excess of PDE2A activity in Fmr1-KO cells leads to spine maturation without decreasing the protrusion density. In WT cells, there is no effect of the BAY607550 on spine maturation but there is an increase in the density of protrusion suggesting separated roles of PDE2A activity in spine formation and maturation but not in spine elimination. This latter result is consistent with our recent findings showing that the density of spines is restored in Fmr1-KO olfactory neurons by depleting CYFIP1, a protein connecting FMRP with actin remodeling via Rac1 (Abekhoukh et al. 2017). Moreover, the reduced length of growing axons that we found in 2 DIV Fmr1-KO neurons may result from the elevated levels of PDE2A that lead, in turn, to a reduced concentration of axonal cAMP and cGMP. Indeed, the normal length of growing axons is restored after treatment with the specific PDE2A inhibitor BAY607550. Furthermore, it is known that cGMP stimulates synthesis of glutamate via phosphoglycerate kinase (PGK) [START_REF] Neitz | Presynaptic nitric oxide/cGMP facilitates glutamate release via hyperpolarization-activated cyclic nucleotide-gated channels in the hippocampus[END_REF]. Consistent with a reduction of cGMP, glutamate levels are reduced in the Fmr1-KO cortex (Davidovic et al. 2011) and hippocampus (Hebert et al. 2014). PDE2A is the only PDE identified so far at the presynaptic active zone, associated with docked vesicles and illustrating the importance of such a compartmentalized action (Maurin et al. 2018). Indeed, cAMP abundance coupled to PKA signaling is critical to modulate assembly/disassembly/priming/recycling of neurotransmitter vesicles and, consequently, for synaptic transmission and plasticity events [START_REF] Crawford | Presynaptically silent synapses: dormancy and awakening of presynaptic vesicle release[END_REF] and basal synaptic transmission (Gomez and Breitenbucher 2013). Here we show that the pharmacological inhibition of PDE2A activity rescues the exaggerated mGluRdependent LTD in Fmr1-KO hippocampal slices, a wellcharacterized hallmark of Fmr1-KO brain (Huber et al. 2002).

As we already explained, cGMP and cAMP are involved in axonal growth, spine maturation and synaptic plasticity. Since PDE2A modulates the level of both cAMP and cGMP, we can suggest that its elevated activity in the absence of FMRP contributes to the definition of a neuronal FXS phenotype characterized by altered dendritic morphology, altered axonal length and exaggerated mGluR-LTD. 

PDE2A has a Crucial and Evolutionarily Conserved Role in the Physiopathology of FXS

We show here that Fmr1-KO pups have profound deficits in both social communication and social discrimination from the first days of life, as revealed by their altered USV profile and impaired homing behavior, respectively. This, in turn, may alter the proper development of social behavior and social recognition [START_REF] Terry | Effects of altered olfactory experiences on the development of infant rats' responses to odors[END_REF][START_REF] Melo | Maternal and littermate deprivation disrupts maternal behavior and social-learning of food preference in adulthood: tactile stimulation, nest odor, and social rearing prevent these effects[END_REF]. In line with this hypothesis, Fmr1-KO mice show deficits in social interaction at the adolescent age (Liu and Smith 2009;Dahlhaus and El-Husseini 2010;[START_REF] Kazdoba | Modeling fragile X syndrome in the Fmr1 knockout mouse[END_REF]) that mirror the phenotype observed in FXS patients. Considering the impact of the pharmacological inhibition of PDE2A on the in vitro and ex vivo FXS phenotypes, we assessed whether the PDE2A inhibitor BAY607550 could revert the altered phenotype displayed by Fmr1-KO animals in social communication, social discrimination, and social interaction. Administration of BAY607550 normalizes the USV profile displayed by Fmr1-KO mice and rats. In addition, this treatment rescues the altered performance of Fmr1-KO pups in the homing behavior test, and increases the frequency of social interactions observed in Fmr1-KO mice to similar levels as WT animals. While PDE2A was previously linked to cognitive processes (Gomez and Breitenbucher 2013;[START_REF] Redrobe | In vitro and in vivo characterisation of Lu AF64280, a novel, brain penetrant phosphodiesterase (PDE) 2A inhibitor: potential relevance to cognitive deficits in schizophrenia[END_REF][START_REF] Lueptow | Cyclic GMPmediated memory enhancement in the object recognition test by inhibitors of phosphodiesterase-2 in mice[END_REF], here, for the first time, we associate its increased activity with altered social deficits. It is interesting to notice that PDE2A is coexpressed with FMRP in a specific class of neurons in the olfactory bulb [START_REF] Korsak | Cell type-dependent axonal localization of translational regulators and mRNA in mouse peripheral olfactory neurons[END_REF]). These neurons have been shown to play a role in thermosensing and detecting stress in congeners as well as in pheromone sensing behavior [START_REF] Juilfs | A subset of olfactory neurons that selectively express cGMP-stimulated phosphodiesterase (PDE2) and guanylyl cyclase-D define a unique olfactory signal transduction pathway[END_REF]. This can lead to the speculation that modulating PDE2A activity in these neurons may influence the social behavior. In conclusion, PDE2A may be an attractive target to simultaneously treat the social and communicative dysfunctions characterizing FXS patients. Importantly, mice chronically treated with BAY607550 during the early postnatal development period clearly benefit of the positive effect of this therapy when tested at adolescence. This result strongly suggests that inhibition of PDE2A during infancy has long-term positive effects and provides a strong preclinical rationale for a new therapeutic strategy for FXS patients. Remarkably, we used very low doses of BAY607550 that do not affect the behavior of WT animals. This is important not only because our approach targets a pediatric population but also because low doses should reduce possible toxic side effects of the drug. Interestingly, several trials have been performed in the past with various formulations and dosages of PF-05 180 999 to treat migraine. We note that the trial in which the highest dosage (360 mg) was tested was discontinued for safety issues, nevertheless former trials using lower doses (30 or 120 mg) were completed but results are yet to be published (https://clinicaltrials.gov; #NCT01429740 and #NCT01981499). These studies are however encouraging for future therapeutic intervention for central nervous system (CNS) disorders. Indeed, a phase 1 study has been conducted to investigate the pharmacological properties of TAK915 (another PDE2A inhibitor from Takeda pharmaceuticals [START_REF] Nakashima | Phosphodiesterase 2A inhibitor TAK-915 ameliorates cognitive impairments and social withdrawal in N-methyl-d-aspartate receptor antagonist-induced rat models of schizophrenia[END_REF])) in order to guide dosage in future clinical studies in schizophrenia (https://clinicaltrials.gov/ct2/show/results/NCT02584569). We would suggest that TAK915 may also be used to investigate other CNS disorders in the future.

Our data clearly highlight that PDE2A abundance has a pivotal role in the physiopathology of FXS (Maurin et al. 2018). While cGMP metabolism had never been studied in FXS, it has already been proposed that the convergence of altered pathways in FXS neurons is responsible for an altered abundance of cAMP in this syndrome. All these pathways are mostly postsynaptic signaling cascades and their relevance for FXS up to date was only studied in adult Fmr1-KO mice [START_REF] Choi | Multiple drug treatments that increase cAMP signaling restore long-term memory and aberrant signaling in fragile X syndrome models[END_REF][START_REF] Sethna | Enhanced expression of ADCY1 underlies aberrant neuronal signalling and behaviour in a syndromic autism model[END_REF]. Inhibition of Pde4D was recently shown to have positive effects on LTD, learning and memory in adult Fmr1-KO mice [START_REF] Gurney | Multiple behavior phenotypes of the fragile-X syndrome mouse model respond to chronic inhibition of phosphodiesterase-4D (PDE4D)[END_REF]. These results provide evidence for the crucial role of cAMP abundance in synaptic plasticity in Fmr1-KO mice. However, the PDE4 enzyme family modulates cAMP but not cGMP levels and does not appear to be directly involved in the pathophysiology of FXS since its expression is not deregulated in the synaptosomal preparations obtained from both young and adult Fmr1-KO mice (Tang et al. 2015). Furthermore, Pde4D mRNA is not a prominent FMRP target in all the CLIP assays that have been performed so far (Darnell et al. 2011;Ascano et al. 2012;Tabet et al. 2016;Maurin et al. 2018).

Also, up to now, most of the treatments proposed for FXS have been tested in adult mice and, even when successful, their translation to the clinic failed (Budimirovic et al. 2017;Castagnola et al. 2017;Erickson et al. 2017). Considering these unsuccessful results, an increasing amount of data suggests the need to treat patients affected by neurodevelopmental disorders at the earliest possible age (Khalfallah et al. 2017 for review, and this study) and for a long period of time (Erickson et al. 2017). Remarkably, BAY607550 treatment rescues the communication deficits in both Fmr1-KO mice and rats. This strongly argues in favor of a conserved contribution of PDE2A activity in the regulation of processes and/or communication circuits underpinning social behaviors. In the same direction, our findings showing the rescue of social interaction after 9 days of washout suggest that the chronic treatment performed in infancy of these mice was sufficient to modify circuits for an extended time-period. Even if these processes should be investigated in depth in the near future, overall these findings further reinforce the translation potential of this targeted therapeutic approach for FXS.

Conclusions

PDE2A is an overlooked phosphodiesterase previously linked to cognitive processes (Boess et al. 2004;[START_REF] Redrobe | In vitro and in vivo characterisation of Lu AF64280, a novel, brain penetrant phosphodiesterase (PDE) 2A inhibitor: potential relevance to cognitive deficits in schizophrenia[END_REF][START_REF] Mikami | Discovery of an orally bioavailable, brainpenetrating, in vivo active phosphodiesterase 2A inhibitor lead series for the treatment of cognitive disorders[END_REF][START_REF] Nakashima | Phosphodiesterase 2A inhibitor TAK-915 ameliorates cognitive impairments and social withdrawal in N-methyl-d-aspartate receptor antagonist-induced rat models of schizophrenia[END_REF]. Here, for the first time, we establish a relationship between its altered expression and defects in axonal growth, maturation of dendritic spines, mGluR-dependent hippocampal LTD and altered social communication, social discrimination and social interaction behaviors at early developmental ages in Fmr1-KO animals. FXS is the leading inherited cause of ID and ASD and the Fmr1-KO mouse and rat models are not only widely recognized animal models of FXS but also genetic models of ASD. Since we highlight here that PDE2A abundance has a pivotal role in the pathophysiology of FXS, an implication of PDE2A in other forms of autism can be hypothesized and therefore, targeting PDE2A could be considered a generalized pharmacological target to treat social deficits common to both ASD and FXS.

INTRODUCTION

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability (ID) and the leading identified monogenic cause of autism (Maurin et al., 2014;Castagnola et al., 2017). FXS is caused by the silencing of the Fmr1 gene encoding the Fragile X Mental Retardation Protein (FMRP), an RNA-binding protein modulating the expression of thousands of mRNAs primarily at the translational level in particular, it has been shown to regulate translation at the synaptic level. Furthermore, FMRP has been reported to be involved in different steps of RNA metabolism, indeed it is a component of various ribonucleoproteic complexes (mRNPs), including the RNA granules, the mRNP involved in transport along neurites (Maurin et al., 2014(Maurin et al., , 2018a)).

Several reports have shown that FMRP binds multiple RNAs encoding regulators of ion homeostasis and more particularly involved in the calcium ion pathway (Brown et al., 2001;Miyashiro et al., 2003;Darnell et al., 2011;Ascano et al., 2012;Maurin et al., 2018a). Furthermore, the search for FMRP-interacting proteins has resulted into the identification of dozens of partners, including ion channels (Bardoni et al., 2006;Ferron, 2016;and this study).

Consistently with these findings, ion homeostasis defects in FXS neurons have been described [START_REF] Chen | The fragile X mental retardation protein binds and regulates a novel class of mRNAs containing U rich target sequences[END_REF]Meredith et al., 2007;Brown et al., 2010;Deng et al., 2013;Ferron et al., 2014;Hebert et al., 2014;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1 -/y mice[END_REF][START_REF] Contractor | Altered neuronal and circuit excitability in fragile X syndrome[END_REF]Myrick et al., 2015;Wahlstrom-Helgren and Klyachko, 2015;Achuta et al., 2018). In particular, FMRP has been reported to directly interact with two members of the Voltage Gated Calcium Channels (VGCC) family, namely Ca v 2.1 and Ca v 2.2 (Ferron et al., 2014). Cytosolic calcium concentration is set by the balance between calcium influx and efflux as well as by the exchange of calcium ion with internal stores. Calcium homeostasis is tightly controlled and involves multiple protein complexes such as ATPase pumps, transporters and ion channels in various cellular compartments [START_REF] Clapham | Calcium signaling[END_REF].

VGCCs respond to plasma membrane depolarization by allowing extracellular calcium ions to flow into cells according to their concentration gradient. Calcium can then act as a second messenger of cell depolarization activating various key intracellular signaling pathways, inducing contraction in muscle cells, protein phosphorylation, secretion and synaptic transmission. VGCCs are heteromers composed by the assembly of a pore-forming subunit (encoded by the corresponding α1 gene) and auxiliary ß and α2∂ proteins [START_REF] Dolphin | Voltage-gated calcium channels and their auxiliary subunits: physiology and pathophysiology and pharmacology[END_REF]. VGCCs can be distinguished as L-, N-, R-and P/Q-type channels depending on the identity of the pore-forming subunit. L-and T-type VGCCs are found in a great variety of cells, while N-, P/Qand R-type are mostly expressed in neurons [START_REF] Catterall | Voltage-gated calcium channels[END_REF].

The Cacna1a gene encodes the P/Q-type VGCC Ca v 2.1, which is critical for the depolarization-evoked release of neurotransmitters at the presynaptic terminals [START_REF] Simms | Neuronal voltage-gated calcium channels: structure, function and dysfunction[END_REF]. Ca v 2.1 is mostly expressed in the cerebellum, consequently mutations in the Cacna1a gene are associated with several neurological disorders such as episodic ataxia and spino-cerebellar ataxia [START_REF] Zhuchenko | Autosomal dominant cerebellar ataxia (SCA6) associated with small polyglutamine expansions in the α 1A-voltage-dependent calcium channel[END_REF]. More recently, new mutations in this gene have been identified in four unrelated families with ID, attention deficit, hyperactivity and autism spectrum disorder (Damaj et al., 2015). This suggests that Ca v 2.1 may play a previously under-appreciated role in brain regions other than the cerebellum and could have be implicated roles in cognition, memory and social interaction regulation. Indeed, regulation of Ca v 2.1 channels by calcium sensor proteins is required for normal short-term synaptic plasticity, LTP, and spatial learning and memory in mice [START_REF] Nanou | Calcium sensor regulation of the CaV2.1 Ca 2+ channel contributes to long-term potentiation and spatial learning[END_REF].

We thus investigated calcium homeostasis using ratiometric calcium imaging in Fmr1-KO neurons. Our results show that neurons lacking FMRP are not only more sensitive to Ca v 2.2 inhibition but also less sensitive to Ca v 2.1 inhibition compared to wild-type (WT) neurons and this is a consequence of an impaired membrane expression of this channel in the absence of FMRP. We propose here a model in which FMRP is involved in the regulation of the relative membrane expression of P/Q-and N-type VGCCs.

MATERIALS AND METHODS

Primary Neuronal Cultures

Cultures were prepared from the cortex of embryonic stage E14.5 WT and Fmr1-KO embryos as previously described (Abekhoukh et al., 2017;Maurin et al., 2018a). Neurons (250,000 cells) were plated on ornithine-coated glass coverslips (35 mm diameter) and cultivated in complete medium: Neurobasal (Invitrogen) supplemented with B-27 (Invitrogen) and glutamax (Invitrogen). Neurons were fed weekly by removing 10% of the culture medium and replacing it with fresh complete medium.

Ratiometric Calcium Imaging

Primary cortical neurons Day-In-Vitro [19][20][21][22][23] 13 independent cultures) grown on coverslips were incubated in neurobasal containing 20 µM Fura2-AM (Invitrogen) for 30 min at 37 Fura2 was sequentially excited at 340 nm and 380 nm, and the emission monitored at 510 nm. Images were acquired with a cascade 512 EMCCD camera every 2 s using the Metafluor software (Roper Scientific). For each recorded cell, the intracellular calcium concentration [Ca 2+ ] i was estimated by measuring the F 340/380 nm ratio of fluorescence normalized to the maximal probe fluorescence measured when cells were perfused with the 10 Calcium + ionomycin solution. ω-agatoxin-IVa and ω-conotoxin GVIa were purchased from Smartox, Nitrendipine from Sigma-Aldrich. Resting calcium levels (''baseline'') were measured as the average fluorescence from the first 40 s of each recording. For KCl stimulation, for each cell analyzed we report the results of the mean of two maximal F 340/380 in two consecutive stimulations. The Drug Response (DR) represents the mean of the two max F 340/380 in two consecutive stimulations over the mean of the three max F 340/380 in three consecutive stimulations in the presence of antagonist. The results of the pharmacological stimulations (DHPG, KCl) are reported as fold change over baseline levels. Only cells for which the DHPG stimulation elicited a fold change greater than 1.1 times the baseline levels in F 340/380 ratio were considered responsive cells.

Immunoprecipitation

Cerebella from WT and Fmr1-KO mice were grinded in liquid nitrogen into fine powder and resuspended in 5 v/w with PBS containing 1% Igepal. Samples were cleared with 15 µl of naked Dynabeads A (Thermofisher) for 30 min at 4 • C on a rotating wheel. During this time, 30 µl of Dynabeads A were incubated with anti-FMRP primary antibody for 1 h at room temperature on a rotating wheel, with 100 µg of tRNA, ssDNA and BSA. The ''pre-clear'' beads were then removed and samples were centrifuged for 10 min at 14,000 rpm at 4 • C. Supernatants were incubated with antibody-coated beads overnight at 4 • C on a rotating wheel. Beads were washed three times with PBS containing 0.1% Igepal and incubated for 15 min at 55 • C with 100 mM dithiothreitol and 2× Laemmli sample buffer. Eluted proteins were then resolved on 4%-12% gradient SDS-PAGE using MOPS buffer (Invitrogen).

Biotinylation

Primary neurons plated at the density of 200,000 cells per well were used for biotinylation experiments at DIV 15. Neurons were washed twice with PBS and incubated with EZLink Sulfo-NHS-LC-Biotine (0.3 mg/ml in PBS, Thermo Scientific) for 10 min at 4 • C. After a quick wash with PBS, unbound biotin molecules were quenched with 50 mM NH 4 Cl for 5 min. After two washes with ice-cold PBS, proteins were extracted using lysis buffer containing 10 mM Tris-HCl pH 7.5, 10 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and 1% mammalian protease inhibitor cocktail (Sigma-Aldrich). Two-hundred microgram of proteins from each condition were incubated overnight at 4 • C with streptavidin-conjugated beads (Sigma-Aldrich). Beads were then washed three times with lysis buffer and resuspended in Laemmli buffer. Proteins were separated in 7% acrylamide-bisacrylamide gel. Primary antibodies anti ß-Actin (Sigma, #A5441; 1/1,000), anti-Ca v 2.1 (Alomone Labs, #ACC-001; 1/1,000) and anti ß3-tubulin (Synaptic Systems, #302302; 1/1,000) were used.

RNA extraction and RT-qPCR were performed as previously described (Maurin et al., 2018a). The sequences of the primers used in this study are provided in Table 1. 

Polyribosome Fractionation

Samples from polyribosome fractionation were described previously (Maurin et al., 2018a). Polyribosome fractionation was performed as described previously (Bechara et al., 2009) 

Protein Extraction and Western Blot Analysis

Cells and tissues extracts were processed as described previously (Maurin et al., 2018a). Primary antibodies anti ß-Actin (Sigma, clone AC-74; 1/1,000) and anti-Ca v 2.1 (Alomone Labs, #ACC-001; 1/1,000) were incubated overnight at 4 • C in PBS 0.05%.

Immunocytochemistry on Primary Neurons

Primary neurons grown on glass coverslips were washed three times with PBS at room-temperature and then fixed using 4% Paraformaldehyde (PFA) in PBS for 10 min at room temperature. After rinsing briefly with PBS, free aldehydes were blocked with 50 mM NH 4 Cl in PBS for 5 min. Then, a saturation step was performed with PBS containing 10% Fetal Bovine Serum and 0.1% Triton X-100 for at least 20 min. Neurons were incubated with antibodies diluted in PBS containing 10% Fetal Bovine Serum and 0.1% Triton X-100 in a humidified chamber overnight at 4 • C. After three PBS washes, neurons were incubated with secondary antibodies for 1 h at RT. After three PBS washes cells were incubated for 3 min in a PBS solution containing DAPI (10 µg/ml). The glass coverslips were finally washed once with ddH 2 O and mounted (Dako Fluorescent Mounting Medium) on glass slides and stored in the dark at 4 • C. The polyclonal anti-Ca v 2.1 (Alomone Labs, #ACC-001) antibody was used at a dilution of 1/50. The 1C3 antibody against FMRP was used at a dilution of 1/200 (Castets et al., 2005). Colocalization quantifications of FMRP and Ca v 2.1 in one confocal plan (average of three scans) were carried out using the JACoP plugin for ImageJ (Bolte and Cordelieres, 2006). Cells were examined on a TCS SP5 confocal microscope (Leica).

Cell Shape Analysis

We designed an ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] dedicated macro to analyze simultaneously the cell shape and the Fura2 fluorescence ratio variations (in time) obtained by sequential excitation at 340 and 380 nm. First, kinetics images of 340 and 380 nm excitation were stacked together and any lateral drift was corrected using the StackReg plugin [START_REF] Thévenaz | A pyramid approach to subpixel registration based on intensity[END_REF]. A mask and a list of ROIs for each cell was obtained on the last 340 nm image after a filtering (recursive TopHat followed by an unsharp mask) and a Huang intensity thresholding. Then the 340 and 380 nm images were separated in two stacks and their F 340/380 ratio calculated after a background measurement and subtraction in each image of the stack. The ROIs were then used on the 340/380 stack to get individual cell measurements of shape parameters (Aspect Ratio, Roundness, Area, Solidity) and F 340/380 fluorescence ratios during time.

Multivariate Analysis of the Cell Morphology Parameters

Baseline and KCl data were extracted and normalized to the maximal calcium value obtained for each cell with the 10 mM Calcium + ionomycin solution and combined to cell morphology parameters extracted from the images. Both cell morphology, normalized baseline and KCl data were then used for unsupervised analysis. Data were first log10 transformed, then mean-centered and scaled. Then, dimension reduction was performed using Barnes-Hut implementation of t-Distributed Stochastic Neighbor Embedding (tSNE), with perplexity parameter set to 40. K-means clustering was performed on the two-dimension tSNE projection and the optimal number of clusters was determined using the Gap statistic. Significance of the differences between continuous variable distributions was assessed using either Mann-Whitney or Kruskal-Wallis rank sum tests as appropriate. All analyses and graphical representations were performed using the R statistical package or Prism Software 6-2 version (GraphPad Software, Inc., San Diego, CA, USA).

Statistics

The Kolmogorov-Smirnov test was used to assess the normality of the distribution of the datasets. To compare non-normally distributed data, two non-parametric tests were used: the Mann-Whitney test was applied to data of two unpaired samples, while the Kruskal-Wallis test was used to examine the significance of four unpaired groups. Data are expressed as mean ± SEM, and the P values (or adjusted P values) < 0.05 were considered statistically significant. RT-qPCR analysis of mRNA expression were analyzed using ANOVA TWO WAY with Sidak's multiple comparisons post hoc test. The statistical analysis was performed using Prism Software 6-2 version (GraphPad Software, Inc.).

Animal Experiments

The experiments were performed following the ARRIVE (Animals in Research: reporting in vivo Experiments) guidelines (Kilkenny et al., 2010) 

RESULTS

Calcium Homeostasis Is Impaired in Fmr1-KO Cells

We investigated calcium homeostasis using Fura2 ratiometric imaging in primary neuron cultures derived from the cortex of E14.5 WT and Fmr1-KO embryos. According to our immunocytochemistry results, these cultures are enriched in neurons and have limited mature astrocyte content (less than 10% of cells) that are mostly present in cell aggregates (Supplementary Figures S1A,B). Therefore, these regions were avoided in subsequent calcium recordings. RT-qPCR analysis of the expression of GFAP and PSD95 markers showed that the absence of FMRP does not affect the relative amounts of astrocytes and neurons in Fmr1-KO cultures compared to WT (Supplementary Figure S1C). We systematically applied a series of consecutive drug treatments followed by a calibration step that allowed us to quantify the minimum and maximum fluorescence of Fura2 in each analyzed cell. We used the normalized fluorescence ratio ([F 340/380 ]/max[F 340/380 ]) as an indirect quantification of the actual intracellular calcium concentration. By this imaging approach we investigated the functionality of several key parameters of calcium homeostasis in neurons in the presence or in the absence of FMRP.

Cellular Analysis

Our imaging data clearly show the heterogeneity of the neuronal types present in primary neuron cultures (Figures 1A-C). Cells differ in size, shape, resting intracellular calcium levels and maximum calcium entry upon KCl stimulation. We wondered whether the absence of FMRP could have different impacts on calcium homeostasis in different cell types. The Fura2 fluorescence ratio and the shape analysis of the ROIs were simultaneously quantified by an ImageJ lab-made macro giving the shape descriptors for each ROI (area, roundness, solidity, circularity). Roundness reflects how circular a ROI is, while solidity and circularity indicate how soft (high scores) or rough (low scores) are the contours of the region.

We then performed an unsupervised multivariate analysis (Supplementary Figures S2A,B) to group cells according to their size, shape and calcium homeostasis parameters (baseline levels, maximum calcium levels upon KCl stimulation) identifying four distinct and homogeneous groups of cells (Supplementary Figures S2C-H). Representative images of ROIs detected in each cluster are shown in Supplementary Figure S3. Cells in group 1 and 3 differ in size and in the complexity of their contour, have a higher resting calcium concentration and high calcium entry upon KCl stimulation. Group 2 cells are small with rough contours and display a limited calcium entry following KCl stimulation, characteristics that suggest an astrocytic lineage. Group 4 ROI are small elongated objects that mostly correspond to neurites (Supplementary Figure S3). We considered the repartition of WT and Fmr1-KO cells in these clusters and our results indicate a homogeneous distribution of cells from the two genotypes in all clusters (Supplementary Figures S2I-L).

The number of DHPG-responding cells was also similar in both genotypes (Supplementary Figure S4). We focused our analysis on cells belonging to group 1 and 3 which according to this analysis, have neuron characteristics. These cells were subsequently analyzed together. The steady state intracellular Ca 2+ concentration, measured prior to any pharmacological treatment during the first 40 s of the recording, is elevated in the absence of FMRP (Mann-Whitney test, P < 0.0001; Figure 1D).

The metabotropic Glutamate receptor pathway has been described to be deregulated in FXS (Huber et al., 2002;Bear et al., 2004). The activation of this pathway with pharmacological agonists like DHPG triggers calcium release from internal stores through IP3 receptors as a consequence of the activation of the Phospholipase C and IP3 second messenger pathway. The calcium ion release from intracellular stores in response to DHPG is variable and not significantly different in the absence of FMRP compared to WT cells at the population level (Mann-Whitney test, P = 0.9963, not significant; Figure 1E).

We next induced cell depolarization by applying a 50 mM KCl solution onto the cultures, as in these conditions VGCCs are the main determinants of calcium entry in neurons [START_REF] Mao | Dynamics of spontaneous activity in neocortical slices[END_REF]. VGCCs respond to cell depolarization, upon which they open and allow calcium ion entry through their pore-forming subunit. We thus analyzed for each cell the fold change in F 340/380 induced by KCl over baseline levels. Our results show that calcium entry through voltage-dependent plasma membrane channels upon KCl-induced neuron depolarization is slightly decreased in Fmr1-KO neurons (Mann-Whitney test, P < 0.0001; Figure 1F). Last, we observed that after the KCl stimulations Fmr1-KO neurons had significantly higher mean F 340/380 ratio over the 40 s that followed the KCl stimulation compared to WT, suggesting a deregulated return to baseline levels in the absence of FMRP (Mann-Whitney test, P < 0.005; Figure 1G).

Highly specific pharmacological blockers have been identified for all these VGCC subfamilies [START_REF] Zamponi | The physiology, pathology, and pharmacology of voltage-gated calcium channels and their future therapeutic potential[END_REF]. For instance, we used specific pharmacological blockers of VGCCs: dihydropyridines, such as nitrendipine, block L-type VGCCs [START_REF] Peterson | Molecular determinants of high affinity dihydropyridine binding in L-type calcium channels[END_REF] by binding to transmembrane domains of the α1 subunit hence affecting the gating mechanism of the L-type VGCCs. ω-Conotoxin-GVIa (Conotoxin) blocks N-type VGCCs [START_REF] Ichida | Characteristics of omega-conotoxin GVI A and MVIIC binding to Cav 2.1 and Cav 2.2 channels captured by anti-Ca 2+ channel peptide antibodies[END_REF] by interacting with the channel pore. ω-Agatoxin IVa (Agatoxin) inhibits P/Qtype VGCCs [START_REF] Adams | Toxityping rat brain calcium channels with omega-toxins from spider and cone snail venoms[END_REF] by binding to two extracellular loops of the α1 subunit that are close to the sensor domain of the P/Q-channel. Thus, we used some of these blockers in order to further investigate the molecular determinants of such calcium homeostasis deregulations. Within each neuron expressing or not FMRP, we measured the DR as the ratio of the mean of the maximal depolarizationinduced Ca 2+ entry in the presence of a VGCC-specific antagonist on the mean calcium entry in the absence of a VGCC-specific antagonist. All the antagonists tested significantly reduced calcium ion entry upon KCl stimulation. Indeed, each antagonist treatment produced a DR that was statistically different from 1, the DR value expected for a drug having no effect (one sample t-test, P < 0.0001; Figures 2A-C). Nevertheless, Nitrendipine (1 µM) reduced KCl-triggered calcium ion entry similarly in WT and Fmr1-KO cells (Mann Whitney test, n.s.: P = 0.2968; Figure 2A). The ω-Conotoxin-GVIa (Conotoxin; 1 µM) was more efficient in Fmr1-KO cells (Mann Whitney test, P < 0.0001; Figure 2B). On the contrary, the ω-Agatoxin IVa (Agatoxin; 100 nM) had a fainter effect in Fmr1-KO than in WT cells (Mann Whitney test, P < 0.0001; Figure 2C). These findings strongly suggest that N-and P/Q-type channels are deregulated in Fmr1-KO neurons. These results are recapitulated in Table 2.

Cacna1a Expression Is Altered in Fmr1-KO Primary Neurons

The pore forming unit of P/Q-type VGCC is encoded by the Cacna1a gene, whose mRNA is a target of FMRP (Darnell et al., 2011), in particular also during early brain development (at Post-Natal Day 13, PND 13;Maurin et al., 2018a). We therefore investigated how FMRP regulates Cacna1a expression in Fmr1-KO primary cultured neurons and in cortical extracts of Fmr1-KO mouse. We precisely characterized the time course of various α1 gene expression in WT and Fmr1-KO primary neurons by RT-qPCR. Cacna1a is the most upregulated α1 gene of the Ca v 2 family between DIV 14 and 21, and its expression is reduced in Fmr1-KO neurons (Figures 3A-D) at DIV 21 compared to WT cells. We therefore investigated whether FMRP modulates Cacna1a mRNA half-life by measuring Cacna1a stability together with control RNAs in primary neurons treated with the polymerase II inhibitor Actinomycin D. We observed that, consistent with a previous report [START_REF] Sharova | Database for mRNA half-life of 19 977 genes obtained by DNA microarray analysis of pluripotent and differentiating mouse embryonic stem cells[END_REF], Actinomycin D treatment triggers a strong decrease in Klf4 transcript expression (Figure 3E) which is not due to cell toxicity, as we could show that in the same conditions c-Kit expression is stable over time (Figure 3F). In these conditions, Cacna1a expression is affected to a similar extent in WT and Fmr1-KO neurons (Figure 3G), excluding a role of FMRP in regulating Cacna1a mRNA stability. We concluded that the decreased expression levels of Cacna1a mRNA in Fmr1-KO cells do not depend on the half-life of this mRNA in the absence of FMRP but it is likely due to a decreased transcription level. Thus, we analyzed Cacna1a translation in the cortex of WT and Fmr1-KO mice by quantifying Cacna1a mRNA levels in different fractions of polyribosome preparations obtained from WT and Fmr1-KO PND 13 mouse cortex. Our results show that Cacna1a mRNA polyribosome association is increased in the light and medium polyribosome fractions, which argues in favor of an increased translation of this mRNA in the absence of FMRP (Figure 3H).

Western blot analysis of total Ca v 2.1 protein levels in DIV 17-21 primary neurons showed no statistically significant difference between WT and Fmr1-KO cells (Mann-Whitney test, P = 0.7, not significant; Figures 4A,B). We also analyzed Ca v 2.1 expression at the plasma membrane of Fmr1-KO and 2. WT primary neurons by performing biotinylation assay. Our results show that Ca v 2.1 protein is less expressed at the cell surface of Fmr1-KO neurons (Mann-Whitney test, P < 0.05; Figures 4A,B).

Since it was reported that, when overexpressed, FMRP directly interacts with both Ca v 2.1 and Ca v 2.2 (Ferron et al., 2014), we assessed whether Ca v 2.1 and FMRP are colocalized in cortical neurons. Using double immunofluorescent staining and confocal microscopy, we observed and quantified their colocalization using Mander's coefficients both in soma and in neurites (Figures 5A-C). These findings were also confirmed by biochemistry experiments performed on cerebellar extracts from PND 13 mice in which we showed that endogenous Ca v 2.1 co-immunoprecipitates with FMRP (Figure 5D).

DISCUSSION

We and others have shown that among the FMRP mRNA targets many encode ion channels, sensors of intracellular ion concentration and other regulators of ion homeostasis (Brown et al., 2001;Darnell et al., 2011;Maurin et al., 2018a). Nonetheless, the direct interaction of FMRP with ion channels has been reported previously (Brown et al., 2010;Ferron et al., 2014;Myrick et al., 2015;Ferron, 2016). Also, it is not surprising that deregulations of expression levels as well as activities of ion channels have been shown in Fmr1-KO neurons [START_REF] Chen | The fragile X mental retardation protein binds and regulates a novel class of mRNAs containing U rich target sequences[END_REF]Meredith et al., 2007;Brown et al., 2010;Deng et al., 2013;Ferron et al., 2014;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1 -/y mice[END_REF][START_REF] Deng | Increased persistent sodium current causes neuronal hyperexcitability in the entorhinal cortex of Fmr1 knockout mice[END_REF], some directly implicating VGCC deregulation in FXS [START_REF] Chen | The fragile X mental retardation protein binds and regulates a novel class of mRNAs containing U rich target sequences[END_REF]Meredith et al., 2007;Deng et al., 2013;Ferron et al., 2014;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1 -/y mice[END_REF]. Even if some of the conclusions of various studies were not completely convergent (Meredith et al., FMRP was revealed with the 1R antibody (Bonaccorso et al., 2015).

2007 ;Ferron et al., 2014;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1 -/y mice[END_REF], collectively these works suggest that the Ca 2+ signaling-associated pathways may be involved in the physiopathology of FXS. For this reason, we decided to study calcium homeostasis in live, cultured neurons in the presence and in the absence of FMRP, using calcium imaging.

FMRP Regulates VGCC Expression and Function

VGCCs play key roles in neurons, notably by regulating membrane excitability, neurotransmitter release and gene expression modulation [START_REF] Simms | Neuronal voltage-gated calcium channels: structure, function and dysfunction[END_REF]. Alterations in the plasma membrane expression of these channels lead to pathological phenotypes, ranging from ataxia, ID, ASD and epilepsy [START_REF] Yue | Progressive ataxia due to a missense mutation in a calcium-channel gene[END_REF]Damaj et al., 2015). Thus, to gain further insight in the Ca 2+ pathway-associated molecular pathology in FXS, we carried out a pharmacological approach using VGCC-specific antagonists in our cellular model. We showed that both N-and P/Q-type VGCC inhibition differently affected KCl-mediated entry in WT and Fmr1-KO neurons. Indeed, blocking N-type VGCCs was more efficient in Fmr1-KO than in WT neurons and conversely, P/Q-type inhibition had less effect in Fmr1-KO neurons, suggesting that both Ca v 2.2 and Ca v 2.1 activities are deregulated in the absence of FMRP. Interestingly, Cacna1a mRNA is a target of FMRP in various brain regions (Maurin et al., 2018a) and here we show that:

1. The membrane levels of Ca v 2.1 channels are reduced in Fmr1-KO neurons, consistent with the reduced sensitivity to P/Qtype VGCC inhibition with Agatoxin. Since the intracellular levels of Ca v 2.1 do not appear to be altered (Figure 4), we conclude that Ca v 2.1 direct interaction with FMRP could play a role in its function/localization in the absence of the partner. Also, the altered actin cytoskeleton organization described in different FXS cell lines (Castets et al., 2005;[START_REF] Nolze | FMRP regulates actin filament organization via the armadillo protein p0071[END_REF]Abekhoukh and Bardoni, 2014;Abekhoukh et al., 2017) may explain the reduced membrane expression of Ca v 2.1, since cytoskeleton is the route for the correct subcellular localization of mRNAs [START_REF] Bramham | Dendritic mRNA: transport, translation and function[END_REF]. It is worth reminding that altered sublocalization of membrane proteins (encoded by mRNA targets of FMRP) have been already described, such as diacylglycerol lipase-α (DGL-α; Jung et al., 2012), Homer 1 [START_REF] Giuffrida | A reduced number of metabotropic glutamate subtype 5 receptors are associated with constitutive homer proteins in a mouse model of fragile X syndrome[END_REF][START_REF] Aloisi | Altered surface mGluR5 dynamics provoke synaptic NMDAR dysfunction and cognitive defects in Fmr1 knockout mice[END_REF] and Kv4.2, (Gross et al., 2011). Similarly, Ca v 2.1 could be one of the deregulated elements. Interestingly, FMRP binds the mRNAs of other of its interacting proteins such as FMRP, CYFIP2, FXR1, Ca v 2.2 (Darnell et al., 2011;Maurin et al., 2018a), suggesting a tight regulation of a FMRP-containing complex in a FMRP-dependent manner. Furthermore, the multiple mRNA targets of FMRP likely generate a network of interactions among FMRP-dependent pathways whose functional consequences are not easily predictable only considering the main role of FMRP as a translational repressor. 2. Even if the level of the mRNA encoding Cacna1a is slightly decreased in Fmr1-KO neurons at DIV21 (Figure 3A), the translational upregulation of this mRNA (as predicted by the increased polyribosome association of Ca v 2.1 mRNA in Fmr1-KO brain compared with WT; Figure 3H) counterbalances the reduced mRNA level of Cacna1a in mature neurons. As in a yin-yang effect, this leads to unaltered total Ca v 2.1 levels. We did not find any FMRP-dependent effect on RNA stability of Cacna1a, leading to the conclusion that the reduced level of Cacna1a mRNA in Fmr1-KO neurons is rather due to an indirect transcriptional deregulation.

Pre-synaptic Calcium Channels in FXS and ASD Ca v 2.2 was previously described to be more expressed and present at the plasma membrane of cells in the absence of FMRP (Ferron et al., 2014). This is consistent with the increased sensitivity to conotoxin that we observed in Fmr1-KO neurons compared to WT. At the molecular level, this abnormality was explained on the basis of the interaction (by overexpression) between FMRP and both Ca v 2.2 and Ca v 2.1 channels (Ferron et al., 2014). Interestingly, we confirmed here this latter finding by showing that the interaction between the endogenous proteins also occurs in brain (Figure 5D). Remarkably, we showed here that in Fmr1-KO cells Ca v 2.1 expression deregulation is opposite to the one of Ca v 2.2 (Ferron et al., 2014). As we already stated, FMRP also binds Ca v 2.1 mRNA transcripts, indeed strongly suggesting a central role of FMRP in the regulation of P/Q-and N-type channels relative expression. Interestingly, it was shown that in cultured hippocampal synapses, P/Q-and N-type channels have preferred plasma membrane slots (Cao et al., 2004;Cao and Tsien, 2010) and according to this model, there are exclusive N-type channel slots and P/Q-preferring slots that can be used by N-type channels. For instance, in neurons expressing mutated P/Q-channels that lead to familial hemiplegic migraine type disease, N-type channel currents are increased, either by an increased release probability or rather by an increased N-type expression at the plasma membrane (Cao and Tsien, 2010).

Collectively, these findings suggest that some P/Q-type channel slots can actually be occupied by N-type channels upon P/Qtype deficiency. Since FMRP has been shown previously to regulate N-type expression by targeting this channel to the proteasome (Ferron et al., 2014), it is tempting to speculate that FMRP is a molecular adaptor regulating the relative plasma membrane expression of N-and P/Q-type channels.

In addition, by regulating the subcellular mRNA localization and/or translation of these channel types, it may also directly modulate their presence at the plasma membrane (Figure 6). Future studies will clarify the precise molecular mechanisms underpinning this deregulation in FXS, but it is interesting to underline here that an imbalance between the levels and the activities of N-and P/Q-type channels, could have some impacts on the physiopathology of FXS. Indeed, the differences in N-and P/Q-type inactivation kinetics, their various effects on short term plasticity [START_REF] Inchauspe | Functional compensation of P/Q by N-type channels blocks short-term plasticity at the calyx of Held presynaptic terminal[END_REF] and their different sensitivity to G-protein-coupled receptor-mediated inhibition of neurotransmitter release may have strong impacts on the functioning of synapses [START_REF] Bourinet | Determinants of the G protein-dependent opioid modulation of neuronal calcium channels[END_REF]. Noteworthy, P/Qtype channel activity, but not N-type, mediates GABA release in fast spiking interneurons in rat pre-frontal cortex [START_REF] Zaitsev | P/Q-type, but not N-type, calcium channels mediate GABA release from fast-spiking interneurons to pyramidal cells in rat prefrontal cortex[END_REF]. This suggests that abnormal GABA secretion at the temporoammonic branch of the perforant path in the Fmr1-KO mouse model (Wahlstrom-Helgren and Klyachko, 2015) could be related to Ca v 2.1 expression defects. Furthermore, it was reported that the maximal inhibition by the GABAB receptor agonist baclofen was greater for EPSCs mediated by N-type channels than for those mediated by P/Q-type channels [START_REF] Ishikawa | Presynaptic N-type and P/Q-type Ca 2+ channels mediating synaptic transmission at the calyx of Held of mice[END_REF]. Consequently, in Fmr1-KO mice it is likely that the compensation of P/Q-by N-type channels have strong consequences on GABAB inhibition by weakening its effect on presynaptic release, likely leading to network hyper-excitability.

Impairment of Calcium Homeostasis as a New Phenotype of Fmr1-KO Neurons. Is It a Novel Biomarker?

Implications of our findings are twofold, biological and clinical. Indeed, the FXS research field actively seeks new treatments and biomarkers to evaluate their efficiency (Castagnola et al., 2017;Maurin et al., 2018b) and, to date, the main cellular In WT cells, N-type channels (in yellow), that are expressed first, are inserted in the plasma membrane and occupy most of the available N-and P/Q-preferring "channel slots" at the synapse (Cao et al., 2004;Cao and Tsien, 2010). We hypothesize that upon development and probably upon specific stimuli, FMRP could contribute to the replacement of N-by P/Q-type (in purple) VGCCs. In Fmr1-KO neurons, this replacement could be impaired resulting in an altered plasma membrane expression ratio between P/Q-and N-type channels.

biomarker of cultured Fmr1-KO neurons is represented by their abnormal dendritic spine morphology, whose analysis requires exquisite expertise (Khayachi et al., 2018). Conversely, using spectroscopy, calcium concentration measurements can be routinely performed in most laboratory settings, making it an easy and robust marker to monitor drug efficacy. Here, we applied this technique to primary cultured neurons but it will also be possible to perform it in iPS-derived neurons thus obtaining, for the first time, a molecular marker that can be functionally quantified. This can be useful for diagnostic purposes and particularly as a follow-up for specific therapies. Indeed, the search for specific and easily measurable biomarkers for FXS as well as for ASD is urgent. For instance, since 2009 one of the conclusions of the Outcome Measures Working Groups for Fragile X was ''. . .research on biomarkers for detecting treatment response in FXS was in its infancy, but this was an area of utmost importance'' [START_REF] Berry-Kravis | Outcome measures for clinical trials in Fragile X syndrome[END_REF]. More recently, the accurate analysis of 22 double-blind controlled clinical trials in FXS finalized between 2008 and 2015 led to the conclusion that the readouts employed to evaluate the outcome of treatments were in general of moderate/poor quality (Budimirovic et al., 2017). Last but not least, this cellular biomarker could be used as the readout for screenings of small-molecule (singular) libraries (Bardoni et al., 2017) to define new treatments opportunities for FXS.

Study Limitations

There are several limitations of this study that one may consider:

1. Our ImageJ macro analysis resulted in the identification of four types of cells, which is clearly underestimating the complexity of the cell population. We nevertheless trust that this approach will be useful to identify a cell type of interest in the future, associating morphological parameters with molecular/physiological determinants; interestingly, [START_REF] Ota | Ghost cytometry[END_REF] very recently published a study highlighting the benefits of identifying cells according to their shape; 2. In agreement with the expression levels of Ca v 2.1, we focused our study on mature neuron cultures. This VGCC deregulation may not be observed in different culture settings; 3. The polyribosome fractionation experiments were performed on cortex extracts from PND 13 mice, preventing the identification of actively translating ribosomes through pharmacological inhibition. Therefore, we can only speculate that the increased presence of Cacna1a mRNA in light and medium fractions reflects an increased translation of this mRNA in Fmr1-KO mice; 4. The working model describing the putative role of FMRP in the regulation of N-and P/Q-type VGCCs at the plasma membrane (Figure 6) awaits a molecular mechanism and therefore is speculative. It nevertheless may be considered as a starting point for future analyses.

Flow

  cytometry and cell sorting. Cells are sorted with a 100 µm nozzle on a FACSAria III (BDBiosciences) equipped with 4 lasers. Fluo-4, alexa-fluor594, DAPI, alexa-fluor647 and APC-Cy7 are collected respectively upon 488nm, 561nm, 405nm and 633nm, through BP530/30, BP610/20, BP450/40, BP660/20 and BP780/60 filters. The sorter is implemented with a homemade injection system. The sample line is replaced by a different sample line connected with an injection system composed of two syringes and a micro-pump that are placed just after the solenoid valve. D-PBS buffer is put in the first syringe. A 2X agonist solution is prepared and APC-CY7-labeled compbeads (BD Biosciences) are added to the solution prior to connecting the second injection syringe. The minipuls3 pump (Gilson) and the cytometer flow rate are set to 39 µl/min. The baseline acquisition and sorting are done with the open syringe containing D-PBS buffer.

  a) have a deregulated homeostasis of calcium at basal levels and an altered entry of calcium upon a depolarizing stimulus; b) are more sensitive to Cav2.2 inhibition and less sensitive to Cav2.1 inhibition compared to WT; c) have an impaired membrane expression of Cav2.1.

Figure 11 .

 11 Figure 11. aiFACS enables the dynamic characterization of heterogeneous samples. A) FACS gating strategy -Dead cells were excluded by DAPI staining, single cells were isolated then big and small cells

  differentiation status: ventricular zone or dentate gyrus granule cells intermediate progenitors (Hes6 and Ccnd2) and two clusters of further differentiated cells (Neurod1, Neurod2, Apc, Nrxn1, Rbfox3, and Map1b), that could be split according to their intermediate or final maturation as indicated by the expression of pre-and post-synaptic proteins expression (Snap25, Grin2b, Pclo), cytoskeletal (Mapt) and potassium channel expression (Kcnb2 or Kcna1, Kcnk2-Trek1).

FIGURE

  FIGURE 14. WT and Fmr1-KO neurons show different responses to AMPA stimulation. A) Quantification of Meis2 levels in WT neurons before and after AMPA stimulation. Baseline condition neurons (unstimulated) and 50 µM AMPA stimulated neurons show a significant difference. B) Quantification of

  search and characterization of FMRP mRNA targetsWith the aim to better understand the physiopathology of FXS in various brain regions, we performed a High Throughput Sequencing and CrossLinking Immuno-Precipitation (HITS-CLIP) assay from three mouse brain regions (cortex, hippocampus and cerebellum)
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Fig. 1

 1 Fig.1FMRP is sumoylated in vivo in the rat and mouse brain and the SUMO system targets the conserved residues K88, 130, and 614 of FMRP. a Representative immunoblot anti-FMRP (Ab#056) of P7 post-nuclear rat brain extracts prepared or not in the presence of the cysteine protease inhibitor NEM to prevent desumoylation. b Immunoblot anti-SUMO1 of NEM-treated P7 post-nuclear rat brain extracts subjected to immunoprecipitation with FMRP (Ab#056) antibody or control IgG. c Converse immunoblot with anti-FMRP (Ab#056) antibody of NEM-treated P7 post-nuclear rat brain extracts subjected to immunoprecipitation with SUMO1 antibody or control IgG. d Immunoblot anti-SUMO1 of NEM-treated P1 post-nuclear mouse brain extracts subjected to immunoprecipitation with FMRP (Ab#056) antibody or control IgG. *Non-specific band. e Immunoblot of post-nuclear mouse brain extracts (input) subjected to immunoprecipitation with FMRP antibody or control IgG and probed with anti-Ubc9 antibody. f Co-localization assays performed on cultured mouse neurons (20 DIV) with antibodies directed against Ubc9, FMRP (Ab#4317), SUMO1. Bar, 2 μm. Degree of co-localization (Manders' coefficient) between FMRP and Ubc9 or SUMO1. N = 3 independent primary cultures with 60 dendrites analyzed for each condition. g Sequence alignments showing the evolutionary conservation of the potential SUMO-targeted lysine residues (stars) within the consensus sumoylation sites of FMRP. h, i Bacterial sumoylation assay. Representative immunoblots of purified fractions of N-and C-terminal WT or mutated parts of His-FMRP in a recombinant bacterial system and probed with anti-FMRP (h, Ab#1C3) or (i, #17722) and anti-SUMO1 antibodies as indicated. j COS7 sumoylation assay. Immunoblots with anti-FMRP (Ab#056) antibody of full-length WT or lysine-mutated FMRP expressed in COS7 cells with mcherry-SUMO1 WT or mutated (ΔGG) to prevent its conjugation. k Original X-ray structures fitted of three human N-terminal FMRP (PDB: 4OVA in green, 4QVZ in light green, 4QW2 in dark green) shown in cartoon representation. K88 and K130 are shown in sphere representation in red and blue, respectively. l Original model of FMRP (PDB: 4OVA) and SUMO1 (PDB: 4WJQ) structural links in cartoon and surface representation (with transparency), respectively, in green and light blue. Lysine residues 88 and 130 of FMRP are shown in sphere representation in red and blue, respectively

  Fig.1FMRP is sumoylated in vivo in the rat and mouse brain and the SUMO system targets the conserved residues K88, 130, and 614 of FMRP. a Representative immunoblot anti-FMRP (Ab#056) of P7 post-nuclear rat brain extracts prepared or not in the presence of the cysteine protease inhibitor NEM to prevent desumoylation. b Immunoblot anti-SUMO1 of NEM-treated P7 post-nuclear rat brain extracts subjected to immunoprecipitation with FMRP (Ab#056) antibody or control IgG. c Converse immunoblot with anti-FMRP (Ab#056) antibody of NEM-treated P7 post-nuclear rat brain extracts subjected to immunoprecipitation with SUMO1 antibody or control IgG. d Immunoblot anti-SUMO1 of NEM-treated P1 post-nuclear mouse brain extracts subjected to immunoprecipitation with FMRP (Ab#056) antibody or control IgG. *Non-specific band. e Immunoblot of post-nuclear mouse brain extracts (input) subjected to immunoprecipitation with FMRP antibody or control IgG and probed with anti-Ubc9 antibody. f Co-localization assays performed on cultured mouse neurons (20 DIV) with antibodies directed against Ubc9, FMRP (Ab#4317), SUMO1. Bar, 2 μm. Degree of co-localization (Manders' coefficient) between FMRP and Ubc9 or SUMO1. N = 3 independent primary cultures with 60 dendrites analyzed for each condition. g Sequence alignments showing the evolutionary conservation of the potential SUMO-targeted lysine residues (stars) within the consensus sumoylation sites of FMRP. h, i Bacterial sumoylation assay. Representative immunoblots of purified fractions of N-and C-terminal WT or mutated parts of His-FMRP in a recombinant bacterial system and probed with anti-FMRP (h, Ab#1C3) or (i, #17722) and anti-SUMO1 antibodies as indicated. j COS7 sumoylation assay. Immunoblots with anti-FMRP (Ab#056) antibody of full-length WT or lysine-mutated FMRP expressed in COS7 cells with mcherry-SUMO1 WT or mutated (ΔGG) to prevent its conjugation. k Original X-ray structures fitted of three human N-terminal FMRP (PDB: 4OVA in green, 4QVZ in light green, 4QW2 in dark green) shown in cartoon representation. K88 and K130 are shown in sphere representation in red and blue, respectively. l Original model of FMRP (PDB: 4OVA) and SUMO1 (PDB: 4WJQ) structural links in cartoon and surface representation (with transparency), respectively, in green and light blue. Lysine residues 88 and 130 of FMRP are shown in sphere representation in red and blue, respectively
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 23 Fig. 2 The N-terminal sumoylation of FMRP is involved in the regulation of the spine density and maturation. a Representative confocal images of dendrites from transduced Fmr1 -/y neurons expressing free GFP, the WT or the non-sumoylatable K88,130,614R, K88,130R, or K614R forms of GFP-FMRP for 24 h. Bar, 10 μm. Enlargements of dendrites are also shown. Bar, 5 μm. Histograms show the relative proportion of mature and immature dendritic spines b and the density of the protrusions c in GFP, in WT, and mutated GFP-FMRP-expressing cells as shown in a. d Histograms of immature spine length measured from Fmr1 -/y neurons expressing the indicated constructs. Data shown in b-d are the mean ± s.e.m. and statistical significance determined by a one-way analysis of variance (ANOVA) with a Bonferonni post-test. N = ~4500 protrusions per condition from four independent experiments. ***p < 0.001. e, f CLIP analysis from transduced Fmr1 -/y cortical neurons expressing the WT or the K88,130,614R form of GFP-FMRP revealed that they bind the same RNA repertoire. e Representative immunoblots anti-FMRP of the indicated neuronal extracts subjected or not (Input) to immunoprecipitation (IP) with FMRP antibodies. GFP-expressing Fmr1 -/y neurons were used as a negative control. f Enrichment (CLIPed/Input) of a set of FMRP-target RNA fragments in the indicated conditions. Several known RNA targets of FMRP (fmr1, map1b, camk2a, sapap3, fxr1, kif3c, and psd95) as well as a non-targeted RNA (tubb3) were detected by quantitative PCR. Fold enrichment were calculated as described in the Methods section and did not show any statistical differences

Fig. 4 FitFig. 5

 45 Fig. 4 Preventing the N-terminal sumoylation of FMRP by the K88,130R mutation does not alter the homomeric FMRP-FMRP interaction within dendritic mRNA granules. a, b Analysis of GFP-FMRP/mCherry-FMRP interaction within dendritic mRNA granules by fluorescence lifetime imaging (FLIM). Representative confocal images showing the co-localization of the WT a or the K88,130R b forms of GFP-FMRP and mCherry-FMRP (left images) in dendritic granules; bar, 4 μm. FLIM images of the same field are shown on the right images a, b where fluorescence lifetime is represented using a pseudocolor scale ranging from 1.7 to 2.2 ns. Insets show representative clusters for each condition; bar, 1 μm. The third row represents the distribution histograms of GFP-FMRP fluorescence lifetime of the donor (D) alone in green and the donor + acceptor (D + A) in blue. FLIM images corresponding to the donor alone condition are displayed in Supplementary Fig. 3b. c Box and whiskers plots show the variation of the lifetime determined from FLIM curves. This representation displays upper and lower quartiles, maximum and minimum values in addition to median. N = 114-189 granules per condition from three separate experiments. Statistical significance in c was determined by a non-parametric Mann-Whitney test. **p < 0.01; ***p < 0.0001

Fig. 6

 6 Fig. 6 The N-terminal sumoylation of FMRP dissociates FMRP homomers. a GST pull-down of purified His-FMRP (1-160 aa) with the N-terminal (1-160 amino acids) domain of FMRP fused to the GST protein. Free GST is used as a negative control. b Schematic diagram of the SUMO-dependent dissociation assay showing the release into the supernatant of His-FMRP from the immobilized sumoylated GST-FMRP fraction. c In vitro sumoylation assay on immobilized GST-FMRP (1-160 aa). d In vitro sumoylation assay on GST-FMRP/His-FMRP dimers. Representative immunoblots anti-FMRP (Ab#2F5-1) following the SUMO-dependent dissociation of His-FMRP

Fig. 7

 7 Fig. 7 Spine density and maturation processes are intrinsically linked to the ability of FMRP to be sumoylated. a Representative confocal images of dendrites from transduced WT neurons expressing free GFP, the WT, K88R, K130R, or K88,130R mutant forms of GFP-FMRP for 30 h. Bar, 5 μm. Histograms show the relative proportion of mature and immature spines b and the density of the protrusions d in the indicated conditions shown in a. c Histograms of immature spine length measured from WT neurons expressing the indicated constructs. e Relative protein expression levels of the WT and mutant forms of GFP-FMRP in WT transduced neurons as in a showing an approximate threefold increase in the levels of exogenous GFP-FMRP expression. Data shown in b-d are the mean ± s.e.m. Statistical significance in b-d was determined by a one-way analysis of variance (ANOVA) with a Bonferroni post-test. N = ~3000 spines per condition from four independent experiments. ***p < 0.001; n.s. not significant

Fig. 8

 8 Fig.8Schematic model for the mGlu5R-dependent regulation of FMRP function via the sumoylation process. The activity-dependent sumoylation of FMRP is a key step to dissociate FMRP from dendritic mRNA granules and consequently to regulate spine elimination and maturation
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Figure 1 .

 1 Figure 1. Identiication of mRNA targets of FMRP. (A) Upper panel: audioradiography of immunoprecipitated UV-crosslinked RNPs from 13 PND male mouse brain cortex extracts after separation on a SDS-PAGE gel and then transferred onto a nitrocellulose membrane. Ab-: immunoprecipitation in the absence of the polyclonal anti-FMRP antibody Rb#11; XL-: Immunoprecipitation in the presence of Rb#11, but without UVcrosslink; XL: Immunoprecipitation in the presence of both Rb#11 and UV cross-link. Bottom panel: the presence of FMRP on the nitrocellulose membrane was revealed by immunoblot using the monoclonal anti-FMRP 1R antibody. On the left, the apparent molecular weights (kDa) of proteins and RNPs are indicated. On the right, the presence of RNPs coimmunoprecipitated with FMRP in a dose-dependent manner but absent in the control lane (Ab-) is indicated by a vertical line. (B)Le v elsof RNA targets co-immunoprecipitated with FMRP were measured by qRT-PCR. Grin2a, Map1b, Ppp2ca, were the positive controls of this CLIP and

  (E) FMRP targets previously identiied by CLIP analysis using polyribosome-associated RNAs and RNAs obtained by HEK-293 cells expressing an inducible and tagged FMRP. (F) Schematic representation of the shared identiied FMRP targets between our HITS-CLIP restricted (only 50 counts) dataset and FMRP targets previously identiied by CLIP analysis using polyribosome-associated RNAs and RNAs obtained by HEK-293 cells expressing an inducible and tagged FMRP. (G) Schematic representation of shared FMRP targets (restricted dataset) in the cortex (CX), hippocampus (HC) and cerebellum (CB). (H) Schematic representation of shared regulated pathways identiied by Ingenuity Pathways analysis of FMRP targets in the cortex (CX), hippocampus (HC) and cerebellum (CB). See Supplementary TableS5for details.

Figure 2 .

 2 Figure 2. Preferred motifs bound by FMRP. (A) Cumulative distribution of counts in immuno-precipitated transcripts. RNAs harboring one binding FMRP binding site, RNAs from SFARI database (07/2016) and predicted G-4-containing transcripts are enriched in the immuno-precipitated material. Genes that are not conserved across species and the RNA that were not detected in the IP were removed from the analysis. (B) RNAs from FMRP bound regions in Calm1, Pscdh9 and Map2 were produced and folded in vitro in the presence of K+ (red line) or Li+ ions (blue line). G-4 forming structures were mapped by luorescent primer extension, fragments were separated by capillary electrophoresis and signals processed with QuShape (20). The sharp increase of the red over the blue signal highlights strong RT-stops in the presence of K+ ion. (C) DREME analysis of FMRP binding sites in its target mRNAs shows a signiicant enrichment for the CTGKA (E-value = 7.7e -40 ); GCTGYY (E-value = 9.4e -28 ); GWRGA (E-value = 2.4e -25 ); CATCRYC (E-value = 1.9e -17 ) and TAY (E-value = 2.0e -16 ) motifs. (D) FMRP recognizes unpaired motifs presented in stem-loop structures. Each nucleotide of a given transcript containing an FMRP binding site was attributed a Watson-Crick pairing score according to the Guo and Bartel dataset (18). Scores were computed for each motif when present in a FMRP binding site or outside in the corresponding transcript. Results are presented as mean ± SEM. Statistical signiicance was assessed by the Wilcoxon matched-pairs signed rank test; n.s.: not signiicant; **P < 0.005; ***P < 0.0005; ****P < 0.0001. (E) FMRP binds preferentially to coding sequences enriched in GAC codon. The ribosome pause score is computed based on the read coverage of each codon and normalized to its frequency in the ORF considering the expression and length of the ORF.

Figure 3 .

 3 Figure 3. Validation of target mRNAs of FMRP. FMRP was immunoprecipitated from two independent UV-crosslinked assays. FMRP-associated RNAs were quantiied by RT-qPCR. All RNAs except P0, Gapdh and Tbp (these mRNAs are not a target of FMRP) showed a signiicant enrichment according to one sample t-test.

c n a 2 PFigure 4 .

 24 Figure 4. Role of RNA motifs bound by FMRP in translational regulation.(A) Inluence of FMRP on luciferase reporter gene assay bearing motifs bound by FMRP or an unrelated control. pSI-CHECK-2 plasmids expressing Renilla carrying the various peak sequences in its' 3 ′ -UTR were transfected in STEK cells expressing or not FMRP. At least threeindependent experiments with two biological replicates, for each transfection were quantiied. For each transfection Renilla luciferase activity was normalized with Firely luciferase activity. Ratios for all conditions were divided by the mean of the ratio measured for the empty vector (pSI-CHECK-2). Results are presented as the mean ±SEM (t-test, *P < 0.05). Empty vector and pSI-CHECK-2 carrying a sequence not bound by FMRP are named 'controls'. (B) Summary Table reporting the motifs present in the various sequence analyzed.
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 5 Figure 5. Characterization of Pde2A mRNA as predominant target of FMRP. (A) Synaptoneurosomes from 13 days old WT and Fmr1-KO cortices and (B) hippocampi were puriied and proteins extracted as described in the 'Material and Methods' section. The presence of FMRP and PDE2A was revealed by western blot. Upper panels/representative western-blot of FMRP, PDE2A and ␤-Actin protein levels in synaptosomal extracts from cortex (A) and hippocampus (B). Densitometric quantiication of immunoblots reveal that the absence of FMRP (KO) leads to a signiicant increase in PDE2A protein levels relative to controls (WT). Data are presented as mean ± SEM of n = 4 independent samples (Mann-Whitney test * P < 0.05). (C) Cortical protein extracts from PND 13 WT and Fmr1-KO male mice were analyzed by sedimentation velocity through a 20-50% sucrose gradient. Fifteen fractions were generated. The integrity and distribution of polyribosomes were based on the 254 nm UV proile (in the lower panel representative proiles of two sucrose gradients preparations from WT and Fmr1-KO cortices, respectively, are shown). The distribution of polyribosomes was also veriied by the presence of ribosomal protein S6 (rpS6), a core protein of the small ribosomal subunit. The presence of rpS6 and FMRP in the various fractions was detected by immunoblot (top panels) using speciic antibodies for these two proteins. The name of the protein is indicated on the left while the molecular weight is indicated on the right of each immunoblot. RNAs puriied from the indicated fractions were pooled and the abundance of Pde2a mRNA measured by qRT-PCR. (D) Fold changes in Tbp or Pde2a mRNA levels in the pooled fractions were measured as described in the 'Materials and Methods' section. Mean ± SEM from three independent experiments (three WT and three Fmr1-KO brain were used) are shown. One sample t-test was performed for each mRNA in the pooled fractions, *P < 0.05 (E) Left panels: representative pictures of cells expressing the Pde2a mRNA detected by smFISH in WT and Fmr1-KO cultured cortical neurons. Scale bar: 50 m. Images of cell bodies and dendrites boxed in this panel are enlarged (zoom 900×) in middle and right panels, respectively. Each dot corresponds to a single RNA molecule. White arrows indicate examples of individual mRNA molecules. (F) Number of transported mRNAs (spots) localized in the distal segment of dendrites of 17 days in vitro WT (n = 44) or Fmr1-KO (n = 60) neurons. Mean ± SEM is shown. Statistical signiicance was calculated using the unpaired t-test, ***P < 0.0005.

  Figure 5. Characterization of Pde2A mRNA as predominant target of FMRP. (A) Synaptoneurosomes from 13 days old WT and Fmr1-KO cortices and (B) hippocampi were puriied and proteins extracted as described in the 'Material and Methods' section. The presence of FMRP and PDE2A was revealed by western blot. Upper panels/representative western-blot of FMRP, PDE2A and ␤-Actin protein levels in synaptosomal extracts from cortex (A) and hippocampus (B). Densitometric quantiication of immunoblots reveal that the absence of FMRP (KO) leads to a signiicant increase in PDE2A protein levels relative to controls (WT). Data are presented as mean ± SEM of n = 4 independent samples (Mann-Whitney test * P < 0.05). (C) Cortical protein extracts from PND 13 WT and Fmr1-KO male mice were analyzed by sedimentation velocity through a 20-50% sucrose gradient. Fifteen fractions were generated. The integrity and distribution of polyribosomes were based on the 254 nm UV proile (in the lower panel representative proiles of two sucrose gradients preparations from WT and Fmr1-KO cortices, respectively, are shown). The distribution of polyribosomes was also veriied by the presence of ribosomal protein S6 (rpS6), a core protein of the small ribosomal subunit. The presence of rpS6 and FMRP in the various fractions was detected by immunoblot (top panels) using speciic antibodies for these two proteins. The name of the protein is indicated on the left while the molecular weight is indicated on the right of each immunoblot. RNAs puriied from the indicated fractions were pooled and the abundance of Pde2a mRNA measured by qRT-PCR. (D) Fold changes in Tbp or Pde2a mRNA levels in the pooled fractions were measured as described in the 'Materials and Methods' section. Mean ± SEM from three independent experiments (three WT and three Fmr1-KO brain were used) are shown. One sample t-test was performed for each mRNA in the pooled fractions, *P < 0.05 (E) Left panels: representative pictures of cells expressing the Pde2a mRNA detected by smFISH in WT and Fmr1-KO cultured cortical neurons. Scale bar: 50 m. Images of cell bodies and dendrites boxed in this panel are enlarged (zoom 900×) in middle and right panels, respectively. Each dot corresponds to a single RNA molecule. White arrows indicate examples of individual mRNA molecules. (F) Number of transported mRNAs (spots) localized in the distal segment of dendrites of 17 days in vitro WT (n = 44) or Fmr1-KO (n = 60) neurons. Mean ± SEM is shown. Statistical signiicance was calculated using the unpaired t-test, ***P < 0.0005.

  , following protocols approved by local ethics committee (OPBA, University of Catania) and by the Italian Ministry of Health (N. 35212016-PR). Data were acquired and analyzed with the Signal software (Cambridge Electronic Design, England). Excitatory Post Synaptic Current (EPSC) amplitude was measured as the difference between peak and baseline current. EPSC amplitude values were averaged over 1 min and expressed as % of baseline (mean EPSC amplitude calculated from EPSCs recorded during at least 15 min before [S]-3,5-Dihydroxyphenylglycine [DHPG] application). Different sets of values were compared using the appropriate statistical tests indicated in the corresponding figure legend. The amount of long-term depression (LTD) induced by metabotropic group I glutamate receptor (mGluR) was calculated 40 min after LTD induction by DHPG application and is expressed by indicating EPSC amplitude as percentage of baseline (% EPSC).

4 .

 4 Digging: the focal animal is digging in the sawdust,

Figure 1 .

 1 Figure 1. The increased activity of PDE2A results into decreased cAMP levels. (A) Hippocampal brain slices expressing the Epac-S H150 biosensor were imaged with wide-field fluorescence microscopy (here exemplified with a measure in a WT brain slice). Images show the raw fluorescence intensity at 535 nm (in gray scale) and the ratio (in pseudocolor), reporting changes in cAMP concentration before stimulation and at different times of the recording during the different treatments (a-e), as indicated by the corresponding lines on the graph in panel "B". The calibration square on the pseudocolor image indicates from left to right increasing fluorescence intensity levels, and from bottom to top increasing ratio values. The width of the square is used as a scale bar. Its size is indicated above it in micrometers. (B) Each trace on the graph indicates the F480/F535 emission ratio measured on the regions (neuron) delimited by the color contour drawn on the gray scale image (upper left panel). The black trace corresponds to the mean of the 5 colored traces. (C) Quantification of cAMP in WT and Fmr1-KO hippocampal slices: the successive responses to forskolin, DEANO and BAY607550 were quantified as a fraction of the maximal response measured in the presence of IBMX. (C) Average ratio response to forskolin (10 μM), forskolin + DEANO (10 μM) and forskolin + DEANO + BAY607550 (0.2 μM) for WT and Fmr1-KO. Mean ± SEM is shown. In each experiment (i.e., brain slices tested, one slice per animal) a variable number of neurons have been considered (between 1 and 6). Results from n = 12 WT and n = 16 Fmr1-KO experiments are shown. Two-way ANOVA followed by Bonferroni multiple comparisons post hoc test revealed a significantly lower level of cAMP in Fmr1-KO slices for the FSK + DEANO condition (F treatment(1,26) = 640, P < 0.001; F genotype(1,26) = 1.25, P = 0.278; F genotype x treatment(1,26) = 15.76, P = 0.001) followed by Bonferroni multiple comparisons post hoc test (adjusted P value **P < 0.01). (D) Time course measurement of cAMP levels after DEANO application in the presence or in the absence of FMRP.

Figure 2 .

 2 Figure 2. Blockade of PDE2A rescues the exaggerated hippocampal mGluRdependent LTD in the Fmr1-KO brain. (A) DHPG (100 μM, 5 min) induces a mGluR-LTD of EPSCs recorded from CA1 pyramidal neurons obtained from WT mouse slices (n = 6). BAY607550 (50 nM, added intracellularly in the recording pipette) did not modify the amount of mGluR-LTD of EPSCs recorded from CA1 pyramidal neurons in WT slices (n = 6). (B) In mouse Fmr1-KO slices (n = 9), mGluR-LTD was reversed in the presence of intracellular BAY607550 (50 nM). (C) Bar graphs show % EPSC amplitude (mean ± SEM from groups of neurons) 40 min after application of DHPG in control conditions or in the presence of intracellular BAY607550 (50 nM). Bar graphs show the mean ± SEM values of EPSC % after the indicated pharmacological treatments. Two-way ANOVA were computed (F genotype(1,22) = 1.159, P = 0.2933; F treatment(1,22) = 3.919, P = 0.2933; F genotype × treatment(1,22) = 10.24; P = 0.0041) with Bonferroni's post-tests for multiple comparisons of data sets, using genotype (Fmr1-KO or WT) and treatment (BAY607550 or vehicle) as between-subjects factor (adjusted P value: *P = 0.0276; **P = 0.0037).

Figure 3 .

 3 Figure 3. Inhibition of PDE2A activity improves Fmr1-KO dendritic spine morphology in cultured cortical neurons. (A) Representative high-resolution confocal images showing GFP-expressing WT and Fmr1-KO mouse secondary dendrites treated or not for 24 h with 0.2 μM BAY607550 to block PDE2A activity. Spine morphology was assessed using NeuronStudio software 19 h post-transduction and compared with the measurement obtained from control DMSO-treated neurons. Scale bars: 2 μm. All summary histograms present mean ± SEM values, statistical significance was assessed with 2-way ANOVA. The percentage of mature mushroom spines (Fgenotype (1,110) = 10.98, P = 0.0012; F treatment(1,110) = 7.042, P = 0.0091; F genotype × treatment(1,110) = 8.984; P = 0.0034), (B) mushroom head width (F genotype(1,1678) = 18.15, P < 0.0001; F treatment (1, 1678) = 22.06, P < 0.0001; F genotype × treatment(1,1678) = 28.41; P < 0.0001), (C) and mushroom spine length (F genotype(1,1599) = 7.217, P = 0.0073; F treatment(1,1599) = 3.665, P = 0.0558; Fgenotype × treatment(1, 1599) = 0.002329; P = 0.9615) (D) measured in secondary dendrites of control and BAY607550-treated neurons. The percentage of immature thin spines (Fgenotype(1, 111) = 30.25, P < 0.0001; Ftreatment(1,111) = 12.09, P = 0.0007; Fgenotype × treatment(1,111) = 8.911; P = 0.0035) (E) and thin spine length (Fgenotype (1, 878) = 23.16, P < 0.0001; F treatment(1,878) = 17.37, P < 0.0001; F genotype × treatment(1,878) = 0.6166; P = 0.4325) (F) is presented. The consequence of the BAY607550 treatment on the distribution of the thin spine length is depicted as cumulative frequency curves in (G). (H) Histograms showing the mean ± SEM values of protrusion frequency after the indicated pharmacological treatments. Two-way ANOVA were computed with Bonferroni post hoc test to assess the treatment effect in neurons from each genotype. (Adjusted P value: **P < 0.01; ***P < 0.001. N = ~1000.) Protrusions per condition (3 independent mouse cortical neuron cultures; 24-30 neurons per condition). ns, not significant.

Figure 4 .

 4 Figure 4. PDE2A activity is associated to axon growth regulation. (A, B) Representative pictures of 2 days in vitro cultured WT (A) and Fmr1-KO (B) primary cortical neurons treated with vehicle or 1 μM BAY607550 as indicated (scale bar: 10 μm). (C) Histogram of axon length of WT and Fmr1-KO neurons treated with vehicle or with 1 μM BAY607550 for 24 h. Results show the mean axon length ± SEM from 3 independent cultures on 73 randomly selected cells for each condition. Two-way ANOVA with Tukey post hoc test: DMSO:KO versus DMSO:WT. *Adjusted P value = 0.0256; BAY:WT versus DMSO:WT. **Adjusted P value = 0.0081; BAY:KO versus DMSO:WT. ns: Adjusted P value = 0.4114; BAY:WT versus DMSO:KO. ****Adjusted P value < 0.0001; BAY:KO versus DMSO:KO. ****Adjusted P value < 0.0001; BAY:KO versus BAY: WT. ns: Adjusted P value = 0.3547; ns, not significant.

Figure 5 .

 5 Figure 5. Inhibition of PDE2A activity rescues abnormal behaviors in infant and adolescent Fmr1-null mice. (A) Scheme of the USV test performed at PND 10. The 30 min after treatment with BAY607550 or vehicle, pups were separated from the dam and ultrasonic vocalizations (USV) were recorded for 3 min. (B) Fmr1-KO mice emit less USVs when removed from the nest at PND 10, and this communicative deficit is reversed upon BAY607550 injection (F genotype(1,63) = 7.07, P = 0.01; F treatment(1,63) = 3.80, P = 0.05; F genotype×treatment(1,63) = 4.09; P = 0.04); n: WT-VEH = 17; WT-BAY = 17; KO-VEH = 16; KO-BAY = 17); (C) presentation of the homing test performed at PND 14; Fmr1-KO mice show (D) longer latency to reach the home-cage bedding (F genotype(1,45) = 11.79, P = 0.001; F treatement(1,45) = 5.86, P = 0.02; F genotype×treatment(1,45) = 8.81; P = 0.005) and (E) spend less time in the nest area (Fgenotype(1,45) = 5.51, P = 0.02; Ftreatment(1.45) = 5.37, P = 0.02; Fgenotype×treatment(1,45) = 6.63; P = 0.013) in the homing behavior test at PND 14 (n: WT-VEH = 14; WT-BAY = 16; KO-VEH = 9; KO-BAY = 10); both these parameters are normalized when Fmr1-KO mice are treated with BAY 607 550. (F, G) Social interaction was evaluated at PND 30, results are reported for acute (F)( n:W T -Veh = 18; WT-Bay = 22; KO-Veh = 12; KO-Bay = 9) (Fgenotype(1,57) = 7.53, P = 0.008; F treatment(1,57) = 0.05, P = 0.82; F genotype×treatment(1,57) = 5.43; P = 0.02), and chronic treatment (G)( n: WT-Veh = 11; WT-Bay = 14; KO-Veh = 8; KO-Bay = 7) (F genotype (1,36) = 28,71 P < 00001; F(treatment) 1,36 = 4.358 P = 0.0440; Fgenotype×treatment (1,36) = 9.539 P = 0.0039). Data represent mean ± SEM (adjusted P value: *P < 0.05, **P < 0.01, ***P < 0.001). Two-way ANOVA was used to assess the effects of BAY607550 in Fmr1-KO and WT mice, using genotype (Fmr1-KO or WT) and treatment (BAY607550 or vehicle) as between-subjects factor, followed by Tukey multiple comparison post hoc test where appropriate.

Figure 6 .

 6 Figure 6. Inhibition of PDE2A activity rescues communication deficit in infant Fmr1-KO rats. Fmr1-KO rats emit less USVs when removed from the nest at PND 5 and 9, and this communicative deficit is reversed upon BAY607550 injection at (A) PND 5 (n: WT-Veh = 8; WT-Bay = 8; KO-Veh = 9; KO-Bay = 9) (F genotype(1,32) = 5.67, P = 0.023; Ftreatment(1,32) = 6.76, P = 0.014; Fgenotype×treatment(1,32) = 7.12; P = 0.012) and (B) at PND 9 (n: WT-Veh = 8; WT-Bay = 8; KO-Veh = 10; KO-Bay = 10) (F genotype(1,30) = 22.72, P < 0.001; F treatment(1,30) = 8.27, P = 0.007; F genotype×treatment (1,30) = 4.28; P = 0.047). Data represent the mean number of emitted USV (±SEM) per 3 min-recording session. (Adjusted P value **P < 0.01, ***P < 0.001.) Two-way ANOVA was used to assess the effects of BAY607550 in Fmr1-KO and WT rats, using genotype (Fmr1-KO or WT) and treatment (BAY607550 or vehicle) as between-subject factors, followed by Tukey multiple comparison post hoc test where appropriate.
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FIGURE 1 |

 1 FIGURE 1 | Calcium homeostasis is deregulated in Fragile X mental retardation 1-knockout (Fmr1)-KO neurons. (A) Profiles of the ratiometric calcium imaging response. Left panels show the emission of Fura2 at 340 nm. Middle panels show the emission of Fura2 at 380 nm. Right panels show the 340 nm/380 nm ratio of fluorescence (F 340/380 ). Upper panels show the emission of Fura2 upon 1.6 mM Ca 2+ perfusion. Middle panels show the emission of Fura2 upon 100 µM DiHydroxyPhenylGlycine (DHPG) perfusion. Lower panels show the emission of Fura upon 50 mM KCl perfusion. The scale bar of each panel is 50 µm. (B) Sample traces of Fura2 recording upon metabotropic glutamate receptor stimulation with DHPG (100 µM) or (C) depolarization with KCl (50 mM) in wild-type (WT) cells. For each cell recorded, the Fura2 fluorescence at each time was normalized to the maximum Fura2 fluorescence ratio observed in the presence of a solution containing 10 mM CaCl 2 and ionomycin (5 µM). The mean stabilized F 340/380 ratio of Fura2 fluorescence during the first 40 s of recording in the absence of any stimulation is represented in (D). The log2 fold change in normalized F 340/380 after 100 µM DHPG stimulation over baseline normalized ratio is presented in (E). The log2 fold change in normalized F 340/380 after 50 mM KCl stimulation over baseline normalized ratio is presented in (F). The return to baseline following a KCl stimulation is shown for WT and Fmr1-KO neurons (G). Mann-Whitney test: * * * * P < 0.0001; * * P < 0.005; ns: P = 0.9963, not significant. WTn = 697; KOn = 744. These results are summarized in Table2.

  Figure 1E DHPG 0.3221 ± 0.0150 (222) 0.2989 ± 0.0105 (211) 0.9963 ns Figure 1F KCl 1.297 ± 0.0142 (697) 1.154 ± 0.0147 (744) <0.0001 * * * *

FIGURE 2 |

 2 FIGURE 2 | Voltage gated calcium channels (VGCC)-specific pharmacological approach reveals a decreased P/Q channel sensitivity to ω-Agatoxin IVa in Fmr1-KO cells. (A) Quantification of the drug response (DR; normalized max F 340/380 in the presence of drug/normalized max F 340/380 in the absence of drug) to Nitrendipine (1 µM; WT: n = 121; KO: n = 138), (B) ω-conotoxin G IVa (1 µM; WT: n = 222; KO: n = 219) and (C) ω-Agatoxin IVa (100 nM; WT: n = 213; KO: n = 249). The DR was compared in WT and Fmr1-KO with Mann-Whitney test: * * * * P < 0.0001; ns: P = 0.2969, not significant. These results are summarized in Table2.

FIGURE 3 |

 3 FIGURE 3 | Cacna1a expression is deregulated in the absence of Fragile X Mental Retardation Protein (FMRP). (A) In vitro time-course of Cacna1a, (B) Cacna1b, (C) Cacna1c and (D) Cacna1e mRNA expression. Results are presented as the mean ± SEM, ANOVA two way Sidak's multiple comparisons post hoc test: * P < 0.05. Quantification of Klf4 (E), c-Kit (F) and Cacna1a (G) mRNA levels upon actinomycin D treatment in Day-In-Vitro (DIV) 19-20 neuronal cultures. The mRNA levels of c-Kit as well as those of Klf4 are used for comparison according to stability data from[START_REF] Sharova | Database for mRNA half-life of 19 977 genes obtained by DNA microarray analysis of pluripotent and differentiating mouse embryonic stem cells[END_REF]. Results are presented as the mean ± SEM, ANOVA two way with Sidak's multiple comparisons test: * * * * P < 0.0001; ns, not significant (c-Kit: P WT = 0.8386; P KO = 0.0694. Cacna1a: P WT = 0.4902; P KO = 0.1071). (H) Quantification of Cacna1a mRNA relative expression levels (Fmr1-KO/WT) in light, medium and heavy polyribosomal fractions, respectively. Results are presented as the mean ± SEM, One-sample t-test: * P < 0.05; * * P < 0.001; ns: P = 0.0717, not significant.

FIGURE 4 |

 4 FIGURE 4 | Ca v 2.1 protein is mis-expressed at the plasma membrane of Fmr1-KO cortical neurons. (A) Western blot analysis of biotinylated Ca v 2.1 in DIV 15-19 cortical neurons. β-tubulin is used as the loading control, whereas actin is used as the immunoprecipitation control. (B) Quantification of total and cell-surface Ca v 2.1 protein levels. Results are presented as the mean ± SEM, Mann-Whitney test: * P < 0.05; ns: P = 0.7, not significant.

FIGURE 5 |

 5 FIGURE 5 | Endogenous Ca v 2.1 interacts and partially co-localizes with FMRP. (A) Single plane confocal analysis of FMRP (revealed with the 1C3 antibody) and Ca v 2.1 (revealed with the antibody anti-Ca v 2.1) localization in DIV 13 primary neuronal cultures. The scale bar of each panel is 50 µm. (B) Quantification of the colocalization of FMRP and Ca v 2.1 in the soma (n = 19) and (C) in neurites (n = 14) was performed with the JACoP plugin for ImageJ. CC, correlation coefficient; M1, fraction of FMRP overlapping with Ca v 2.1; M2, fraction of Ca v 2.1 overlapping with FMRP. (D) Endogeneous FMRP co-immunoprecipitation with Ca v 2.1 in mouse cerebellar extracts.FMRP was revealed with the 1R antibody(Bonaccorso et al., 2015).

FIGURE 6 |

 6 FIGURE 6 | Our working model of FMRP-mediated regulation of VGCC developmental switch. In WT cells, N-type channels (in yellow), that are expressed first, are inserted in the plasma membrane and occupy most of the available N-and P/Q-preferring "channel slots" at the synapse(Cao et al., 2004; Cao and Tsien, 2010). We hypothesize that upon development and probably upon specific stimuli, FMRP could contribute to the replacement of N-by P/Q-type (in purple) VGCCs. In Fmr1-KO neurons, this replacement could be impaired resulting in an altered plasma membrane expression ratio between P/Q-and N-type channels.

14. WT and Fmr1-KO neurons show different responses to AMPA stimulation. A) Quantification

  

	of Meis2 levels in WT neurons before and after AMPA stimulation. Baseline condition neurons
	(unstimulated) and 50 µM AMPA stimulated neurons show a significant difference. B) Quantification of
	Meis2 levels in KO neurons before and after AMPA stimulation. Baseline condition neurons (unstimulated)
	and 50 µM AMPA stimulated neurons don't show a significant difference. The "input" neuronal fractions
	not subjected to aiFACS were used as reference for both genotypes. Results are presented as the mean ±
	SEM, Mann-Whitney test: *P = 0.0238; ns = not significant (P = 0650).
	3.3. aiFACS selection through AMPA stimulation unveils Meis2 interneuron
	deficiencies in the absence of FMRP expression
	We compared by RT-qPCR analysis the expression of Meis2 in unstimulated and
	stimulated WT and Fmr1-KO neurons. Although these results are preliminary, Meis2-
	expressing Fmr1-KO interneurons show a higher baseline than their WT counterparts
	(

Figure 15) consistently with previous reports for other types of Fmr1-KO neurons (Le Magueresse, 2013). FIGURE 15. Meis2 interneurons response to AMPA stimulation is impaired in Fmr1-KO neurons. The

  

	expression of Meis2 in baseline conditions (unstimulated) was quantified by RT-qPCR in WT and Fmr1-
	KO neuron samples. Results are presented as the mean ± SEM, Mann-Whitney test: *P = 0.0177.

  6 mM calcium-containing buffer (139 mM NaCl, 1.25 mM glucose, 15 mM Na 2 HPO 4 , 1.8 mM MgSO4, 1.6 mM CaCl 2 ,3m M
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	NATURE COMMUNICATIONS | (2018) 9:757	

  Animal care was conducted in accordance with the European Community Directive 2010/63/EU. The experiments were approved by the local ethics committee (Comité d'Ethique en Expérimentation Animale CIEPAL-AZUR N. 00 788.01; APAFIS#4985-2 016 032 314 169 426 v4APAFIS#8100-2 016 112 217 148 206 v3), by the French Ministry of Research and by the Italian Ministry of Health. The number of animals used in each experiment is indicated in the figure legends.
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	al. 2008):
	a. Social activities:
	1. Social sniffing: sniffing any part of the body of the part-
	ner, including the anogenital area.
	2. Following: moving in the direction of or pursuing the
	partner, who moves away.
	3. Mutual circle: partners are mutually sniffing each other's
	anogenital region, while describing tight circles with
	their reciprocal following movements.
	4. Pushing past: the focal animal passes between the wall
	of the cage and the body of the partner by pushing its
	own body through the narrow space available.
	5. Crawling under/over: the focal animal crawls under-
	neath or over the partner's body, crossing it transversely
	from one side to the other.
	6. Social grooming: chewing and licking the fur of the
	partner.
	7. Social rest: the focal animal is being groomed by the
	partner.
	8. Pushing under: the focal animal pushes its own snout or
	the whole anterior part of its body under the partner's
	body, and rests for at least 3 s.
	9. Social inactivity: the focal animal is lying flat or standing
	still (eyes closed or open) while maintaining close physi-
	cal contact with the partner.
	b. Nonsocial activities:
	1. Running: the focal animal performs a sudden, rapid, vigor-
	ous, and erratic darting, characterized by frequent and sharp
	changes in direction and without any obvious target.
	2. Inactive: Self-explanatory.
	3. Exploring: Self-explanatory.

  • C. After two washes with HEPES-buffered Tyrode's calcium solution (in mM: 139 NaCl, 15 glucose, 1.25 Na 2 HPO 4 dibasic heptahydrate, 1.8 MgSO 4 heptahydrate, 1.6 CaCl 2 dihydrate, 3 KCl, 10 HEPES), coverslips were placed in a metal chamber on an inverted microscope (AxioObserver, Carl Zeiss) equipped with a 300W Xenon lamp (Sutter Instruments) and a Fluar 40× NA 1.4 oil immersion objective. Cells were perfused at 22 • C throughout the recording with Tyrode's calcium solution. The pharmacological stimulations were performed by supplementing the calcium recording solution with either DiHydroxyPhenylGlycine (DHPG, 100 µM) or KCl (50 mM) or VGCC antagonist (ω-agatoxin-Iva (100 nM); ω-conotoxin

	GVIa (1 µM); Nitrendipine (1 µM)) or VGCC antagonist (same
	concentrations) + KCl. A calibration step was performed at
	the end of every recording by applying successively 0 Ca 2+ (in
	mM: 129 NaCl, 15 glucose, 1.25 Na 2 HPO 4 dibasic heptahydrate,
	1.8 MgSO 4 heptahydrate, 0.5 EGTA, 3 KCl, 10 HEPES), then 0 Ca 2+ + ionomycin (5 µM) and finally 10 Ca 2+ + ionomycin
	(5 µM; in mM: 129 NaCl, 15 glucose, 1.25 Na 2 HPO 4 dibasic
	heptahydrate, 1.8 MgSO 4 heptahydrate, 10 CaCl 2 dihydrate,
	3 KCl, 10 HEPES) solutions. This calibration step allows to
	quantify the lowest and the highest probe fluorescence F 340/380
	ratio for every Region of Interest (ROI); the maximal value
	was used subsequently to normalize the fluorescence F 340/380
	measurements. Every recording experiment followed the same
	protocol:
	Tyrode's-40 s; Tyrode's + DHPG-40 s; Tyrode's-60 s;
	Tyrode's + KCl-20 s; Tyrode's-60 s; Tyrode's + KCl-20 s;
	Tyrode's-60 s; Tyrode's + VGCC antagonist-60 s; Tyrode's +
	KCl + VGCC antagonist-20 s; Tyrode's + VGCC
	antagonist-60 s; Tyrode's + KCl + VGCC antagonist-20 s;
	Tyrode's + VGCC antagonist-60 s; Tyrode's + KCl + VGCC
	antagonist-20 s; Tyrode's + VGCC antagonist-60 s; Tyrode's
	(0 Calcium)-80 s; calibration (see above).

TABLE 1 |

 1 Sequences of the primers used in this study.

		Forward	Reverse
	Cacna1a GAGTATGACCCTGCTGCCTG	TGCAAGCAACCCTATGAGGA
	Cacna1b TGCGTTCTCGAGCTTCATGG	CGCTTGATGGTCTTGAGGGG
	Cacna1c GAACCATATCCTAGGCAATGCAG AAGAGCCCTTGTGCAGGAAA
	Cacna1e TGAGTTTGTCCGTGTCTGGG	GAGGGACATCTCTTGCCGAG
	c-Kit	GGAGTGTAAGGCCTCCAACG	TGGGCCTGGATTTGCTCTTT
	Klf4	CAGGATTCCATCCCCATCCG	TGGCATGAGCTCTTGATAATGGA
	Gfap	CAGATCCGAGGGGGCAAA	TGAGCCTGTATTGGGACAACT
	Dlg4	GGCGGAGAGGAACTTGTCC	AGAATTGGCCTTGAGGGAGGA
	Tbp	AGGCCAGACCCCACAACTC	GGGTGGTGCCTGGCAA
	Sequences are presented from 5' to 3' end.	

  on 20%-50% (w/w) continuous sucrose gradients. Fractions were separated on a BR-188 Density Gradient Fractionation System (Brandel). Fold changes in Cacna1a mRNA levels between WT and Fmr1-KO were assessed by RT-qPCR and were calculated for individual fractions 6-14 according to the formula 2 -ddCp where ddCp is (Cp Pde2a KO fraction x -Cp Gapdh KO fraction x ) -(Cp Pde2a WT fraction x -Cp Gapdh WT fraction x ). Results from fractions 6 to 8 (light), 9 to 11 (medium) and 12 to 14 (heavy) were pooled and analyzed together.

  . Animal care was conducted in accordance with the European Community Directive 2010/63/EU. The experiments were approved by the local ethics committee (Comité d'Ethique en Expérimentation Animale CIEPAL-AZUR N. 00788.01; APAFIS#4985-2016032314169426 v4APAFIS#8100-2016112217148206 v3).

Table 2 .

 2 

TABLE 2 |

 2 Results summary.

		Mean ± SEM WT (n)	Mean ± SEM KO (n)	P value	P value significance
	Figure 1D resting	-1.636 ± 0.016 (697)	-1.459 ± 0.0141 (744)	<0.0001	* * * *
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